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FOREWORD

This final Scientific Report details the results of research performed by ST
Systems Corporation (STX) under Contract F19628-87-C-0124 with the Atmospheric
Sciences Division, Geophysics Laboratory. this contract covered the period from May
16, 1987 to Aug. 15, 1990.

On overview approach has been taken since all work has been or is in the
process of being documented in separate reports or papers. Copies of conference
papers and journal articles have been included. However, Scientific Reports have not
been included in the interest of conservation.
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Teresa M. Bals, MS

Paul R. Desrochers, MS

Ralph J. Donaldson, Jr, MS

Donald Hamann, BS

F. 1an Harris, PhD (Principle Investigator)
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1. INTRODUCTION

a. Overview of Contract

Under this contract, STX has conducted research involving the
development and evaluation of automated Doppler weather radar based
technologies to detect, assess, and predict severe weather. The purpose of
this work is to provide forecasts in a responsive and accurate manner to
enable timely precautionary measures for the protection of military resourc-
es. Results of this work are intended for automated implementation on radar
systems such as the NEXt generation weather RADar (NEXRAD) system.

Several research areas were addressed:

* Downburst Motions

. Hurricane Severity

* Mesoscale Wind Discontinuity

* Cloud and Precipitation Forecast

. Tornado Probability

* Hail Size Estimation

* Velocity Dealiasing

The first six of these are those originally proposed and results of the re-

search in these areas were mostly outstanding. The one exception was
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Downburst Motions. This algorithm has been treated extensively for some
time by MIT/Lincoln Laboratory and the National Center for Atmospheric
Research as part of the Terminal Doppler Weather Radar (TDWR) program of
the Federal Aviation Administration (FAA). After examining this problem and
reviewing recent progress made by these groups, it was concluded by STX
that this area was being adequately addressed within the FAA program. In
addition, another problem, that of velocity aliasing was presenting a serious
impediment to the development of other algorithms and this problem was
considered to be of sufficient importance to warrant further attention. Upon
consultation with the GL technical monitor, it was agreed that Downburst
Motions should not be pursued and that efforts should be directed toward
the more pressing problem of velocity dealiasing.

b. Overview of Report

In this report, an overview of each task area will be given. For specific
details the reader is referred to conference papers, journal articles, or
separate technical reports that have been written on each of these areas.
These have been listed in Appendix A and copies of all conference papers
and journal articles are included in Appendix B.

2. THE ALGORITHMS

a. Hurricane Severity

The potential for routinely observing synoptic scale storm systems
with Doppler radar will soon be realized with the deployment of the NEXRAD
radar systems. Some of these large scale storms can have devastating wind
conditions resulting in loss of life and property. Atlantic hurricanes, Pacific

typhoons, and intense winter oceanic cyclones are notable examples of this
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type of storm. The intent of this research effort has been to develop new
techniques to allow the monitoring of the intensity of such systems. These
systems present a unique problem as compared with the mesoscale systems
in that their size and location usually preclude observation of the complete
system. This meant that new, innovative monitoring techniques were re-
quired. The techniques that have been developed are discussed in detail in
the papers listed in Appendix A. Copies of these papers are included in
Appendix B.

A serious limitation in the development of such techniques is that
there have been only a limited number of data sets that have been collected
from such storms from ground-based radar systems. One notable data set
was collected by the Air Force Geophysics Laboratory Doppler radar from
Hurricane Gloria on September 27, 1985. Analysis of these data under this
and a previous contract has resulted in the development of techniques to
assess the characteristics of these storms (Donaldson and Harris, 1988,
Donaldson and Ruggiero, 1986, Ruggiero and Donaldson, 1987, Donaldson,
1990). Another data source that has been exploited is the simulated data
set generated by Wood and Brown (1987). They assimilated observational
data and constructed a model flow and precipitation field that evolved and
advected. These model data were obtained from Wood and Brown and were

then used to generate simulated Doppler radar measurements.

i Long Range Detection

The capability of Doppler radar for long-range detection of the maxi-
mum winds around a hurricane was examined through a simulation study by
Harris et al. (1989). They used the hurricane model of Wood and Brown
(1987) as outlined above. With these model data, simulated radar data were

generated where the relative positions of the storm and radar were varied.
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In addition, the pulse repetition frequency (PRF) was varied to allow the
variation of the maximum unambiguous range and velocity. From these
simulations Harris et al. found that long-range observations provide signifi-
cant information on hurricane core winds, at least out to a range of 350 km,
provided care is taken to assure that velocity observations are conducted in
the first unambiguous range interval by appropriate reduction in the radar
PRF. The ratio of observed core velocities to maximum hurricane winds just
above the frictional boundary is 0.83 at a range of 250 km, 0.78 at 300 km,
0.63 at 350 km, but only 0.34 at 400 km distant. The decrease of ob-
served velocity with increasing range is caused almost entirely by obstruc-
tion of lower altitudes by the earth’s curvature and by the typical decrease
of maximum winds with height above the boundary layer.

These results should be encouraging to forecasters who will use the
NEXRAD radars which are soon to be instalied along coasts prone to tropical
cyclone activity. However, it should be noted that, to realize the potential
for long-range observations in extensive storms, PRF flexibility is a necessary
requirement to prevent the contamination of second-trip echoes by the much
greater power of the first-trip echoes. The degree of flexibility that is
required may not be available in the NEXRAD systems as deployed. Also,
forecasters must have knowledge of the effects of beam size and beam
height above ground at long ranges. The beam is centered at much greater
altitudes than at close ranges and the beam yields means derived over
altitude depths of the order of kilometers at long ranges versus hundreds of
meters at close range. Both of these effects tend to bias velocity estimates

toward lower values than are actually occurring in nature.

ii. Hurricane Intensity

It may be desirable to estimate hurricane severity by sampling the
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region of the hurricane beyond its core of maximum winds. A technique of
this type could lend itself readily to trend analysis because it can be con-
ducted at constant height and resolution. It should also be of particular
benefit in monitoring the intensity of approaching hurricanes. Accordingly, a
technique, potential-vortex fit, was proposed by Donaldson (1989) for
determining the degree of conformity of the horizontal velocity structure in a
sampled region outside the hurricane core with the flow field in a potential-
vortex regime, wherein both curvature and tangential wind speed vary
inversely with distance from a center. The technique uses the method given
by Browning and Wexler (1968) for determination of the kinematic proper-
ties of a linear wind field, combined with the recent treatment by Donaldson
and Harris (1989) of non-linear wind fields in cyclonic flow. Potential-vortex
fit is the ratio of calculated shearing deformation of the tangential wind
component to twice its curvature estimated by distance from cyclone center.
A value of this ratio near unity would be expected in an intense, mature
hurricane. Values much less than unity would indicate a decaying circula-

tion.

Potential-vortex fit was tested by Harris et al. (1989) in their simulat-
ed hurricane model. It was unity, as expected, because the model was
designed to simulate an active and mature hurricane. The concept was also
applied to observations of Hurricane Gloria acquired by the GL radar at
Sudbury, Massachusetts, on September 27, 1985. The observational mode
capable of generating the data needed for calculation of potential-vortex fit
commenced at the time that the eye of Gloria was making landfall on the
southern coast of Long Island, New York. Observations continued for more
than three hours until the remains of Gloria’s circulation center were in
central Massachusetts and insufficient precipitation around the radar termi-
nated the data acquisition. During the first half of the observations the

values of potential-vortex fit averaged 0.32, with a peak of 0.44. This is
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indicative of diminishing wind speed toward the circulation center. During
the last half the values fell to an average of 0.17, strongly suggestive of a
fatal breakdown in hurricane circulation, which was soon confirmed by direct
Doppler velocity observations showing no rotation around the eye region. It
is interesting to note that potential-vortex fit reached its peak value 40
minutes before the maximum tangential wind measured at the radar, sug-
gesting its possible utility as a forecasting as well as diagnostic aid. It is
well to remember, though, that one case study is only a bare beginning,

however promising it may seem.

b. Mesoscale Wind Discontinuity

i. Overview

The purpose of this task was to develop a technique that would allow
the automated detection of synoptic scale fronts. A technical report by

Hamann(1990) contains detailed descriptions of this effort.

It is recognized that the only fronts that can be realistically addressed
in this study are cold fronts, since they tend to have strong temperature
gradients accompanied by sharp troughs and large velocity gradients.
Doppler radar cannot measure the true wind ‘field gradients across a front
because it detects only one component of the air velocity, namely that along
the radar beam. With the beam scanning in azimuth, this means that the
gradients of radial velocity will vary as a function of aspect angle between
the beam and the front. This dependability upon aspect angle plus the
natural variability of the wind fields along a front makes the objective

determination of the location of fronts a difficult task.

Real-time plan view displays of radar radial velocity data often reveal
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readily observable structures interpretable as fronts. This structure usually
consists of elongated regions of strong gradients with weak regions between
over which the eye is able to interpolate to allow the identification of an
extended front. In addition, these fronts can also be seen in the radar
reflectivity displays in the form of distinct echo lines. Because both the
velocity and reflectivity features are discernable by the eye, it followed
naturally that this task might be viewed as an imaging problem. For this
reason, the broader based area of image analysis has been examined for

appropriate techniques that might be applied to this problem.

The adopted analysis technique involves the following procedures:

* Computation of gradients, either velocity or reflectivity

hd Extraction of "edges"” based on gradient magnitudes and orien-
tations.

* Association of "edges” into streaks (fronts) based on continu-
ity.

The details of these procedures are given in a separate technical report by
Hamann (1990). In the following discussion, only an overview will be given

of each of the procedures.

ii. Gradient Computation

In both the reflectivity and velocity fields associated with fronts, one
usually sees regions of sharp gradients. For this reason, emphasis was
focussed on techniques that emphasized gradient detections. To simplify

processing, the data are first converted from spherical to rectangular Carte-
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sian coordinates. Data conditioning was then performed to reduce the
impact of noise on the analysis. A technique was adopted where a series of
templates were passed over a data array. Each of these templates assigned
weights to various data points that fell within the template so as to detect
the orientation and magnitude of the maximum gradient over the template
domain. The results of the application of these templates are two arrays,

one of gradient magnitudes and one of gradient orientations.
iii. Edge Extraction

Edges are extracted from the gradient magnitude and orientation
computations derived from the application of the templates described above.
This involves the delineation of those regions with the largest gradients.
Basically, thresholds are applied to the magnitudes and only those that pass
this threshold test are considered to be "edges” on the first pass. Orienta-

tion constraints are also applied to reduce the effects of spurious data.
iv. Streak Association

Results of the above edge analysis are a number of separate regions,
of which many are along the line associated with the front. However, the
ones along the front may not be connected. In addition, there are usually
several spurious regions that have no relevance to the frontal interpretation.
It is now necessary to eliminate these spurious regions and to extend and
join the pertinent regions into streaks or fronts. This is accomplished by
proceeding from the ends of each of the edges and examining the gradients
and orientations to determine if the edges can be extended into regions that
did not pass the original threshold test. In this way, each of the edges can
be extended and combined into streaks that provide a more continuous

representation of the front. In addition, area or length thresholds are applied

8




to the resultant streaks to eliminate any residual clutter and noise.
V. Results and Conclusions

Figs. 1 and 2 show the results of application of this technidue. In the
upper left of each figure is the original field; the lower left presents the
gradient magnitudes; the lower right, the gradient orientations; and the
upper right the resultant streaks. The case shown is for a particularly good
cold front and the technique appears to work extremely well. Further

examples are presented by Hamann (1990).

This technique shows a great deal of promise in the extraction of
fronts for forecast purposes. It yields a line that is readily amenable to
tracking and forecasting. In addition, it appears to have application to a
number of related problems that involve the extraction of features from
image data. In fact, this technique is being extended to be used as one of
the procedures in the Cloud and Precipitation Forecast task to be described
next. Further work is required to improve the association of edges into
streaks, particularly, for less obvious fronts. Also, results of this type of
analysis need to be utilized as input to techniques that track and forecast

front locations.
c. Cloud and Precipitation Forecast

In the past Bohne et al (1988) and Bohne and Harris (1985) studied
several techniques to describe satellite and radar data fields. From these
studies and from the wind discontinuity study discussed above it has been
determined that there are two techniques that appear to be quite effective in
describing precipitation regions adequately for forecasting purposes: edge

detection and contour extraction. The edge detection method is one devel-
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oped for the detection of wind field discontinuities and is described briefly
above and more extensively by Hamann (1990). It detects gradients of
velocity and reflectivity and is very well suited to detect the more active
portions of precipitation regions regardless of their reflectivity magnitudes.
Contour extraction is better at outlining regions of known precipitation
intensity, a characteristic to which forecasters can easily relate. Bohne et al
(1988) and Bohne and Harris (1985) found that the Freeman chain code
representation of contours is accurate, simple to implement, requires little
computer storage, and is an ideal candidate for contour extraction and
depiction. With these perspectives in mind, it was decided to implement
and test these two candidates, individually and eventually, perhaps, com-
bined in a comprehensive analysis package. More extensive discussion of
these techniques and the results from this analysis are presented in a

separate report by Bals and Hamann (1990).
i. Analysis Techniques
(1)  Contour extraction

To extract contours there are three basic techniques that can be used.
One is to precisely locate a contour through an interpolation process. This
technique, while being quite accurate, is quite time-consuming and the
resultant product, a series of coordinates, is not very amenable to tracking
and forecasting. Another technique involves the determination of the best-
fit geometric shape, such as an ellipse. This technique is not very precise
although it does lend itself to tracking and forecasting. The third technique
involves the extraction of a contour in the form of an initial Cartesian
coordinate and a series of directional codes {commonly called the Freeman
Chain code, FCC, after Freeman, 1961) that direct one around the perimeter

of the data. This technique is only slightly less accurate than the interpolat-
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ed contour method but is significantly more accurate than the geometric
figure fitting routine. The FCC technique is simple to implement and is
readily amenable to tracking and forecasting techniques. For this reason,
the FCC technique has been chosen as a candidate for evaluation in the

development of a tracking and forecasting method.

(2)  Edge Detection

Edge detection focusses attention upon enhanced gradient regions.
From the meteorological standpoint this means that for the most part,
attention is focussed upon the more active regions of a system, regardless
of absolute values of the parameter being analyzed. The edge detection
technique, developed by Hamann (1990) and outlined in the Mesoscale
Discontinuity Detection analysis above, computes the magnitudes and
orientations of the gradients and then extracts edges based on these deter-
minations. This technique can be applied to extended regions as well as
lines. A detailed discussion of edge detection appears in a report by
Hamann (1990).

(3) Feature Characterization

Once the contours or edges are extracted, descriptive parameters are
needed to uniquely describe each region. From the Freeman chain code
techniques can be derived to extract parameters such as area, perimeter, a
center of mass, and the orientation of the major axis. The center of mass
gives a unique origin for tracking, and ultimately forecasting, the movement
of each region. Not only can the movement of the system be derived, but
also the intensity of different regions within a system as it grows and
decays. Similar parameters can be derived from the edge detection tech-

nique. This aspect of the analysis has not been treated in this task.
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ii. Analysis

Figs. 3 depicts the precipitation region as detected by the GL Doppler
" radar at 1734 GMT 26 May 1984 as a cold front passed over New England.
The precipitation region has been analyzed to extract the Freeman chain
code and to detect significant reflectivity gradients (edges). The shaded
region in Fig. 3 depicts shows the relectivity factor area enclosed by the
contour for 18.8 dBZ as extracted with the Freeman chain code. Also in
this figure are depicted the accumulated edge streaks for the reflectivity
field. The edge streaks and the outer limits of the shaded areas define
nearly the same areas, indicating that strong reflectivity gradients tend to be
along the perimeter of precipitation regions. It should be noted, though, that
this observation is highly dependent upon the type of precitation. If the
precipitation is more convective in nature, there will be significant gradients
within the min reflectivity area associated with the region of greatest vertical
motions. The situation depicted in Fig. 3 is more characteristic of a stra-

tiform case than of an active thunderstorm.

The leading edge of precipitation, the most intense precipitation, and
the area covered by the precipitation have all been defined by the edge
detection and Freeman chain code techniques. A combination of this
information along with products derived from the techniques, such as the
center point, the movement of the gradients or the movement of the stron-
gest reflectivities, will result in a forecast based not just on the transiation of
the center of a precipitation region, but also on the system characteristics as

it grows and decays.

iii. Summary

Two techniques were selected for evaluation as monitoring tools for
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the location of cloud/precipitation. The edge detection technique highlights
the significant features within a precipitation system. It detects significant
gradients of reflectivity or wind velocity that are more than likely to be
associated with significant weather. Contouring, especially with the Free-
man chain code technique, successfully provides a compact and accurate
method of identifying, extracting, and representing precipitation regions.
Descriptive parameters of the regions are easily computed and can be used
in tracking and predicting the movement of precipitation regions. Detection
of the wind shift line along fronts or along gust fronts can lead to prediction
of frontal movement or warn of the approach of severe weather within a
region of precipitation. Prediction of not only the movement, but also the
nature and evolution of the precipitation region is the objective of future

work.

d. Tornado Probability

Research accomplished during the previous contract period by Don-
aldson and Desrochers (1985) and Desrochers et al. (1986) had suggested
great promise for excess rotational kinetic energy (ERKE) as a predictor of
tornadoes. ERKE is defined as the rotational kinetic energy of a mesocy-
clone core calculated with a diminished velocity, that is, maximum core
velocity reduced by the product of core radius and a selected value of

threshold shear.

Consequentily, Donaldson and Desrochers {(1990a) thoroughly ana-
lyzed a small sample of 17 mesocyclonic storms observed in Oklahoma.
Eight of the 17 storms produced a total of 23 tornadoes, including 2 of
violent (F4) intensity, 11 strong tornadoes (F2 and F3), and 10 weak
tornadoes (FO and F1). No tornadoes were reported with the other nine

storms.
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In addition to ERKE, calculations vvere also conducted for several

other possible tornado predictors based ol mesocyclone core characteristics.

These included maximum core velocity, shear across the core, rotational
kinetic energy, and several measures of energy multiplied by shear. Values
of all candidate predictors were integrated from surface up to heights
varying from 4 to 7 km, with and without a 10-minute persistent value, and,
where appropriate, with threshold shear values ranging from 0.004 to 0.007
s'. Two operational scenarios were envisioned: What is the best predictor
of violent (F4) tornadoes, and what is best for identifying storms with non-

violent (FO to F3) tornado from those storms without tornadoes?

The results were evaluated by statistical analysis of the distribution of
maximum predictor values, and by a performance analysis taking into
account warning lead times for the earliest tornado in a storm as a function
of a combined rate owing to false alarms and failures to detect. Candidate
predictors were considered to fail if the statistical test indicated that crucial
differences in maximum predictor values could have occurred by chance
with a probability of more than 1%. Furthermore, predictors with excessive
errors and negative lead times were eliminated. This left only ERKE as a
suitable predictor of violent tornadoes, and ERKE followed closely by veloci-

ty as a predictor of the non-violent tornadoes.

Warning lead times with ERKE as a predictor were more than suffi-
cient for the two violent (F4) tornadoes. The one with less warning provid-
ed a lead time of 28 minutes with no false alarms. For strong (F2 and F3)
tornadoes, the median time to the first occurrence in a storm was 17
minutes with a false alarm rate of 6%. The warning parameters were not
nearly as favorable for weak tornadoes of intensity FO and F1, with a
median lead time of 15 minutes but an unacceptable high false alarm rate of

35%. When the parameters are adjusted so that there is a zero false alarm
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rate, the median lead time drops to 7 minutes and the detection failure rate
became disappointingly high at 20%. For weak tornadoes, ERKE shows
very little skill above the 40% false alarm rate suggested by Burgess and
Lemon (1990) for tornado identification by the mere detection of mesocy-
clones, with no attempt to classify them quantitatively. Although the
majority of tornadoes are in the weak category, the vast majority of deaths
and serious injuries to humans are caused by strong and violent tornadoes.

It is therefore fortunate that accurate warnings with adequate lead times can

be achieved for the more intense tornadoes.

These encouraging results were obtained after careful visual inspec-
tion of the mesocyclones. However, a real-time automated technique is
required for practical forecasting purposes. The improved mesocyclone
detection algorithm developed by Desrochers (1990) made possible the
testing of tornado prediction by real-time automated calculations of the
required mesocyclone parameters. A small sample of 13 mesocyclonic

storms in Oklahoma were found suitable for the test.

Results showed that the algorithmic tornado prediction process
provided slightly greater median lead times than manual analysis, with ERKE
as the best predictor, for strong and violent tornadoes. The ERKE warnings
also suffered from fewer false alarms and negative lead times than warnings
based on velocity, shear, or the product of rotational kinetic energy and
shear. Although this is a minuscule sample, a statistical analysis revealed
that the difference in means of ERKE measured in the tornadic versus the
non-tornadic storms was significant at a level of confidence well above
99%. If this algorithm were incorporated by [ ‘EXRAD, it seems reasonable
to expect good performance by NEXRAD radars in automated prediction of

strong and violent tornadoes associated with mesocyclones.
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The exact mechanism of tornado accompaniment to some of the more
energetic mesocyclones, occurring tens of minutes after the mesocyclone is
established, is not well understood. The success of ERKE for quantization of
those mesocyclones likely to produce strong and violent tornadoes may
provide a clue. It seems quite reasonable to expect that the establishment
and maintenance of a mesocyclone in a viscous medium requires a minimum
expenditure of energy. One manifestation of this energy, readily detectable
by Doppler radar, is the rotational kinetic energy of the mesocyclone core.
ERKE may be regarded as rotational energy derived from a rotational velocity
excess to the requirement for maintenance of the mesocycione circulation,
and is consequently available as a source or a marker of an energy increment

destined for tornado production.

In any event, ERKE has certain observational advantages over other
candidate predictors. Unlike the thresholding required for mesocyclone
identification, ERKE is a continuous, single-valued function. Another advan-
tage of ERKE is its exclusion of very small values of core radius, which often
represent artifacts in the Doppler velocity field with no meteorological
significance. Still another advantage of ERKE over velocity and especially
shear as predictors is the relative insensitivity of ERKE to the variability of
antenna resolution errors with range. In a condition of poor resolution, the
core radius is overestimated somewhat, while its peak velocity is underesti-
mated. Since ERKE is formulated by the product of radius and velocity, its

resolution errors are diminished.

e. Hail Size Estimation

In studies around the world, it has been shown that growth of large
hail is related to the availability of liquid water, the magnitude of the vertical

motion, and the duration of the hailstone within an active storm environ-
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ment. Most diagnostic studies to date have focussed on the liquid water
aspect basically because of the greater availability of more reliable estimates
of liquid water. Single Doppler radar is not able to reliably estimate the
three-dimensional flow within a storm, but it is able to provide velocity-
based diagnostics as to the intensity of the updraft and the potential of
recirculation of the hail particles in order to maximize their growth potential.
Because of the success STX had achieved with the estimation of mesocy-
clone magnitude in the tornado probability task outlined above, it was
decided to assess the value of mesocyclone characteristics in the forecast of

hail size.

It is well-known that the more intense thunderstorms exhibit rotation
and that the largest hail falls from these storms. Mesocyclones are readily
detectable with Doppler radar and techniques have been developed to
monitor their characteristics. These moni:o.ing techniques are able to also
provide indications of the relative importance of other aspects of the motion
fields: upper-level divergence and vertical structure of divergence within the
storm. The former of these gives an indication of the magnitude of the
vertical velocity within the storm: the stronger the updraft, the greater will
be the divergence. The latter indicates the potential for hail to remain within
the storm or to be spewed out into the less active environment. In particu-
lar, if the divergence is confined to a relatively shallow layer in the'upper
portions of the storm, the hail is more likely to be dumped into the environ-
ment than if the divergence is spread over a deeper layer. Therefore, an
ideal environment would be one where there is a strong updraft with a
relatively low height for the maximum velocity. This structure would
support large liquid water content and large hail, but would also allow the

stones to remain within the storm environment for longer growth times.
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i. Analysis Techniques

(1) Upper-Level Divergence

The mesocyclone algorithm measures, among other things, the maximum
velocities towards and away from the radar (V, and V,, respectively) and the
angle relative to the radar beam of a line joining the two maxima. These
velocity extrema have contributions from both rotation and divergence and
the angle O between them is related to the relative magnitudes of the two

types of motion fields. The divergence contribution to this velocity differ-

ence, AV, ,is given by the following equation:

AV = (V, - V,) sin(6)

This expression was first derived by Witt and Nelson (1984) and showed
some promise as a hail-size discriminator. In the analysis performed by STX,
it was shown that in fact there is a correlation between AV, and hail size for
hailers. The deviation within this group is quite large (about 32% of the
total divergence). In addition, when non-hailers were included in the sample,
the variation of AV, increases rather dramatically. The resultant False Alarm
Ratio (FAR) was 0.58. Through averaging and imposing a persistence

criterion the FAR was reduced by 50%. However, the utility of this parame-

ter alone is not practical.

(2)  Rotational Kinetic Energy

Originally, a parameter, Rotational Kinetic Energy (RKE) was devel-

oped to categorize the energetics of the rotation in severe storms, given by:

2
RKE =p n AR L ve
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Later, Donaldson and Desrochers (1990) introduced the concept of Excess
Rotationa! Kinetic Energy (ERKE) which is simply:

ERKE = RKE - RKE,
where RKE; is a threshold energy associated with the definition of a mesocy-

clone.

Evaluation of these two parameters (see Desrochers, 1990) revealed
that ERKE showed virtually no skill in determining the hail production capa-
bility of any hailstorms. On the other hand, RKE had a stronger relationship

(correlation coefficient of 0.98) between hail size and RKE value for hailers
than was the case for AV,. Use of RKE yielded predictions of hail diameters

of 4.5 cm and larger with an average lead time of 21 min. However, it also
had a high FAR of 0.45, indicating this too is insufficient to serve as a
reliable hailsize indicator.

(3) Divergence Profile

A simple indicator of the relative importance of divergence and
rotation within the storm is the orientation angle © between the velocity
maxima associated with the mesocyclone. When O is 45° the two motion
fields are of approximately equal importance, while if O is 0° rotation domi-

nates or 90° divergence dominates. The computation of the vertical gradient

of © (A,8) therefore gives an indication of the variability of the vertical
structure within the storms. A,0 was correlated with hail-size and found to
be linearly related as was the case for RKE and A,V. For the largest hail (>

5 cm) A,0 provided lead time forecasts of 13 min with a FAR of 0.01. With

hail greater than 3.5 cm in diameter, the lead times were about 15 min but

the FAR increased to 0.30 and for smaller hail the FAR increased even more,
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as would be expected.

A detailed look at the vertical structure of divergence in the various

storms revealed the following observations:

* The producers of large hail displayed a smooth transition from
convergence in the low levels to divergence aloft while those

that produced smaller hail displayed a more irregular transition.

* All hailers displayed some convergence at low levels (3 km).

* All hailers exhibited a significant component of divergence

below 10 km height, a feature not seen in non-hailers.

ii. Discussion

Three kinematic properties of storms were evaluated as discriminators
of hailsize: divergence aloft, rotation, and divergence profiles. All three

exhibited some degree of success. However, the divergence profile parame-
ter A,0 showed the greatest skill. In fact, it appears that the three-dimen-

sional updraft structure is more important than the actual magnitudes of the
updrafts. The vertical variations have more to do with the length of growth
time that a hail stone experiences than the magnitude of the updraft.
However, more effort needs to be directed towards this topic before a

definitive solution is achieved.

f. Velocity Dealiasing

A serious preprocessing problem for Doppler radar data is caused by
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the inherent dynamic range of the velocity measurements. Pulsed Doppler
radars are capable of detecting motions unambiguously only within a finite
velocity range known as the Nyquist range. Typically for NEXRAD radars
and similar 10 cm wavelength radars, this range is of the order of 30 m/s.
Actual velocities outside of this range are detected as "folded” velocities,
i.e. the real velocities are folded or aliased back into the Nyquist range

according to the formula:

V.=V, -1V,

V.

h =i -
where f W(2V,,)

This aliasing not only produces misrepresented velocities, but also results in
artificially enhanced velocity gradients. This effect causes severe problems
for any algorithm that relies on the accurate representation of the velocity
magnitudes and/or gradients. This is a problem that does not appear to be
adequately addressed in the NEXRAD system as currently configured. In
order to test the algorithms being developed under this contract, STX found
that it was necessary to develop a better automated dealiasing technique
than was currently available. The result of this work has been an algorithm
that has tremendous potential for inclusion as part of a more complete
dealiasing algorithm within an operational radar system. This algorithm has
been completely documented in a STX technical report "A Technique for
Automated Velocity Dealiasing™ by Desrochers, currently in press. The
reader is referred to this report for a complete discussion since only an

overview will be presented here.
i. The Dealiasing Technique

Usually, with 10 cm radar systems, the type of velocity aliasing most
often encountered is a relatively localized phenomenon. When this occurs

and the local shears are not intense, dealiasing can be performed quite easily
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with a simple one or maybe a pseudo-two dimensional technique. However,
in some of the more interesting storms, particularly those containing meso-
cyclones, these simple techniques fail, resulting in a breakdown of the
automated algorithms such as the mesocyclone and tornado vortex signature
(TVS) algorithms. STX has developed an efficient dealiasing technique that
effectively deals with such situations. This technique involves the following

steps:

* Test along each radar beam to determine if aliasing is present.

* If aliasing if present, apply a one dimensional {along the beam)

dealiasing technique.

* Perform a two dimensional test to determine success of dealia-
sing.
* If dealiasing is determined unsuccessful, isolate the area where

aliasing is still a problem.

* In the isolated area perform dealiasing by minimizing the two

dimensional gradients.

This technique has the advantage of adapting its performance complexity as

the situation warrants.

ii. Results

Figure 4 contains an example of the type of region addressed by this
technique. The technique was applied to approximately 5000 aliased

regions from storms ranging from non-tornadic to violent tornadic. Of these
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Fig. 4 Dealiased velocity field with Nyquist of 34 m/s for original data.
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aliased regions, 96% were processed correctly, resulting in 99.96% of all
data being processed correctly. Performance was analyzed &s functions of
velocity Nyquist ranges and the types of phenomena causing the aliasing. It
was found that performance was not strongly affected by the Nyquist
velocity range, at least over the ranges examined, namely 24 to 34 m/s. It
was also found that the algorithm showed little preference for problems due

to natural sources over those induced artificially.

Because this algorithm relies upon isolation of problem areas it
requires more data to be stored than for simpler one-dimensional techniques.
The amount of data required to be retained is adjusted according to the size ‘
of the problem area. However, the larger the area the greater the storage |
requirements and the greater the processing time. To assess the impact of
problem area size upon the performance of this algorithm, an analysis of the |
azimuthal and radial extent of problem areas was performed. In general it
was found that the algorithm requires at least 6 radials of data to be 90%
effective, with effectiveness increasing to 99% with 10 radials. The other
observation from this study is that the problem is primarily a low level
phenomenon. 48% of the problems occur below 2 km height and 77%
occur below 5 km. Actually, there are two preferred height regions for
problem areas: near the ground and near the top of the storm due to the

outflow.
iii. Summary and Recommendations

A very successful and efficient tool has been designed for the auto-
mated dealiasing of Doppler radar velocities. This technique should not be
considered to be all encompassing since it does not handle large area
aliasing problems. Techniques developed elsewhere, such as at the National

Severe Storms Laboratory (NSSL), treat the large area problem better. It is
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necessary for GL and NSSL personnel to get together in an effort to design
an integrated dealiasing package that will work effectively and efficiently on
a wide variety of problems.

3. OTHER ACTIVITIES

During the course of this contract STX has played an active role in
various activities within the radar meteorology community. Desrochers and
Donaldson made substantial contributions to the landmark book Radar in
Meteorology, the result of the 40th Anniversary and Battan Memorial
Conference on Radar Meteorology. In addition, Donaldson, Desrochers, and
Harris made presentations at the NEXRAD meeting on algorithms held at the
GL Weather Radar Facility. Desrochers was involved in a special meeting
called by the NEXRAD/JSPO on velocity dealiasing for NEXRAD. Other

meetings with STX involvement include:

* 14th Conference on Severe Local Storms
* 15th Conference on Severe Local Storms
* 16th Conference on Severe Local Storms
. 23rd Conference on Radar Meteorology
* 24th Conference on Radar Meteorology

At each of these conferences STX personnel made either oral or poster

presentations that were all well received.

4. SUMMARY

This report concludes all activity associated with this contract.
Several of the activities have shown significant promise and follow on work
has been inititated under a new contract. Tremendous success was
achieved in the realms of Tornado Probability, Velocity Dealiasing, and
Hurricane Intensity. All of these efforts have resulted in algorithms that

should be considered for incorporation in the NEXRAD program. Excellent
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advances were made in the other three efforts, Hail Size Estimation, Meso-

scale Wind Discontinuity detection, and Cloud/Precipitation Forecast.

However, more work is necessary before reliable algorithms will be ready for

implementation.

5.
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1.0 INTRODUCTION

There is a basic need for real-time radar - Doppler velocity (m/s)
data processing systems such as NEXRAD to have a o

reliable technique for removing ambiguities due
to velocity aliasing. Performance of many NEXRAD
analysis algorithms is adversely affected when
these ambiquities are not resolved. This paper
presents a new dealiasing technique that offers
both exceptional reliability and real-time

operating capability.
2.0 THE DEALIASING PROBLEM

Velocity detected by pulsed Doppler radar is
constrained to a finite dynamic range.
velocity equal to one-half this dynamic range is
commonly referred to as the Nyquist velocity
(V). It is related to the wavelength of the

r A and the pulse repetition frequency PRF

by:
V. = (A * PRF}/4 (1)

Doppler radars can therefore measure velocities
unambiguously in the range of +V . Any
velocities outside of this :ange are aliased into
it according to:

vV, =V, - f*2V (2)

P S

where V. and V, are the measured and true a)
velocxty, respectfully. The truncated integral

Nyquist range is given by:
f = int (v, 2V ) (3)

True velocities V, of 55 m/s, 5 m/s, and -45 m/s
have corresponding f values of 1, 0, and -1 for a
Nyquist velocity of 25 m/s. These velocitxes are
all measured as 5 m/s.

Velocity dealiasing or unfolding is the
process of placing measured velocities into the
proper Nyquist range. In general, dealiasing
involves the selection of f such that local
point-to-point velocity differences (4V) are
minimized. The simplest approach is to compare
4V in one direction, between only two points.
This is done in the most common dealiasing

technique, the traditional one-dimensional (1-b) Fig. 1) ldeatized windfield of westerly flow.
technique, where processing occurs in the radial Aliased velocities ane implied in areas A and B
direction. shown in a}. Outlined anea in a) coaresponds
*This work was performed under AFGL contract 2 b). General ambiguity exists 4in b} because
F19628-87-C-0124. no reference for dealiasing exdists.
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3.0 REGIONS OF AMBIGUITY

The 1-D technique is not always reliable.
Firstly, problems are encountered in the
initialization process. As noted above, a value
is dealiased through comparison with a previous
value. However, the first value encountered has
no such reference and can therefore be considered
ambiquous. If unresolved, this ambiquity will
propagate throughout an entire region or data set
and it can be considered general in nature. A
second problem arises due to the presence of
large natural gradients (LNGs), where 4V exceeds
V . These real gradients are usually of limited
extent and often make it impossible for the 1-D
techniques to correctly dealias measured
velocities.

3.1 General ambiguity

when the velocity field is well sampled such
that one can invoke continuity across the entire
field, dealiasing is rarely a problem. For
example, in Fig. la there is a velocity field
obtained from a relatively uniform west to east
flow field. From the zero line oriented
north-south through the radar one can progress
outwards and assess the aliased or dealiased
state of each data point. In this case it is
quite apparent that the sharp 4vVs around the
regions denoted by A and B are due to aliasing
and can consequentially be correctly dealiased.
All ambiguities can be assessed.

On the other hand, when only a fraction of
the field is observed (e.g. Fig. 1lb}, there is
often no true reference point or line like the
zero line in Fig. la. 1In Fig. 1b from the 4vs it
is obvious that there are aliased velocities.
However, because of the lack of a good reference
velocity, one can only dealias the velocities in
relation to one another, leaving an overall am-
biguity to the absolute velocities of the entire
field. This leaves an overall general ambiguity.

Methods exist to reduce general ambiquity.
Most common of these is a Velocity Azimuth
Display (VAD) approach where wind field
characteristics obtaired from current or previous
scans are used as a reference. The VAD approach
is useful for initialization purposes only when
steady state conditions exist, the wind fields
are free of perturbations, and precipitation is
widespread.

Merritt (1984) developed a technique that
overcomes VAD constraints. The uncorrected
velocity field is divided into regions of like
sign to differentiate aliased and non-aliased
quantities. A reference for dealiasing is
attained by assuming the largest area of like
sign is not aliased. Dealiasing can then proceed
from this area. Since sign changes across the
zero line wind field orientation can be obtained.
This can further aid in the dealiasing process.
Additional work on this technique was done by
Bergen and Albers (1987). They have achieved
magnificent results for reducing general
ambiguity.

3.2 Relational ambiquity

In situations where 4V is small, no larger
than v , it is always clear how neighboring
velocily values relate to one another even when
there is general ambiguity. In these cases 4V is
a known quantity. However, where LNGs exist the
interrelationship between points is not clear and

AV is ambiguous. Ambiguity about point-to-point
velocity differences will therefore be referred
to as relational ambiquity. An example of this
is seen in the Binger, OK mesocyclone shown in
Fig. 2. The shaded region delineates the field
of relational ambiguity within the overall field
of general ambiquity.

Identification of relational ambiguities
requires perusal in at least two-dimensions. The
simplest approach is to use two radials such that
a "corrected™ radial guides the dealiasing of the
adjacent "subject" radial. Relational ambiqui-
ties are identified by thresholds that operate on
point-to-point velocity differences. Such a
technique was developed by Eilts and Smith
(1988). It operates by minimizing radial velo-
city differences over subtended segments in the
corrected and subject radials. Success is
achieved when thresholds limiting AV are correct-
ly matched with the phenomena being dealiased.

Two-radial techniques are not always reli-
able. This is because their analysis is biased
by the direction from which dealiasing proceeds.
These techniques work well for flagging rela-
tional ambiguity but are unable to precisely
locate LNGs. Therefore, they are prone to
localized failure, and this is often compounded
by error propagation in range and azimuth.

Directional bias must be eliminated if
relational ambiguities are to be reliably
dealiased. Therefore, data values on all four
sides of a relational ambiquity must equally
control dealiasing. It is necessary then that
the surrounding values be first corrected in
relation to one another. Since &V is no larger
than V. dealiasing can be accomplished reliably
with the 1-D technique. Also, since dealiasing
is a localized process only perimeter values
surrounding a relational ambiguity need to be
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correct in order to establish a reference for
dealiasing. This is the basis for a new
dealiasing technique where relative ambiguities
are isolated and then corrected using adjacent
members as references.

4.0 THE ALGORITHM

The technique is designed for real-time
operation. This is accomplished by two
complementing analysis techniques, one to process
general ambiguities and the other for relational
ambiguities. A simple and fast routine called
SEARCH corrects data for general ambigquity and
monitors for relational ambiguities. Two
routines are then used to process a relational
ambiqguity. Relational ambiguities are isolated
in DEMARCATION and then dealiased in CORRECTICN.
These routines are computationally intensive but
are extremely reliable. Additional routines
exist for housekeeping and data continuity.

SEARCH: In this routine radial data are
processed in a sequential manner, gate-by-gate,
away from the radar. Dealiasing is accomplished
with the 1-D technique. This is sufficient to
handle most data but requires monitoring since
failure is possible in LNG situations.

Detection of INGs oriented radially or
azimuthally, or both, is possible by monitoring
azimuthal AV. LNGs oriented radially cause the
1-D technique to fail since velocity values
beyond a LNG become incorrectly unfolded by one
Nyquist interval. This artifact is detected as
an artifically large azimuthal av,

Large azimuthal 4Vs are correctly unfolded by
the 1-D technique. However, with the simple
technique used to detect LNGs orientation can not
be distinguished. Therefore, both radially and
azimuthally oriented LNGs are flagged for further
scrutiny by DEMARCATION and CORRECTION.

DEMARCATION: All relational ambiguities
flagged by SEARCH are isolated within
DEMARCATION. Isolation is accomplished through
identification of the periphery of small natural
4V that exists around the zone of relational
ambiguity. Such a periphery is seen just outside
the shaded area in Fig. 2. Since the natural avs
around the periphery are less than V , they can
be unfolded rehably using the sulple 1-p
technique.

Only three radials are required to isolate a
relational ambiquity confined to one radial.

More radials are required if a LNG extends over
multiple radials. The radial length of a
relational ambiguity is also determined in the
isolation process and typically varies from about
10 to 100 gates.

CORRECTION: The small 4V periphery
identified in DEMARCATION provides the
perspective necessary for a reliable, objective
analysis of a relational ambiquity. Unfolding is
accomplished by an iterative, consensus approach
that is controlled by previously unfolded
peripheral values. Six steps comprise this
process.

A) Dealiasing begins in one of the four corners
of the demarcated area. The corner value is
dealiased with neighboring, peripheral values.
The data field is then processed in a stepwise
manner until the opposite corner of the analysis
area is encountered. Dealiasing is accomplished
by a two—dimensional (2-D) technique where &V is
minimized spatially. Dealiasing of each
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subsequent value is biased not only by the
corrected peripheral values but also by adjacent,
newly-dealiased values. The correctness of
values within the analysis array is therefore
considered tenuous in this stage.

B) Step A is repeated but with the start
location in the opposite corner of the field.

C) 'The two arrays of tenuous data from steps A
and B are compared. Where there is agreement the
data value is assumed to be correctly dealiased
and is flagged as such. Otherwise, the data
value is left open for further assessment.

D) With the output of step C as the starting
field, steps A through C are repeated until no
more agreements are obtained.

E) If uncorrected values remain in the analysis
array, steps A through D are repeated but with
the two remaining corners of the analysis array
being used to initialize the process.

r) 1f any uncorrected values remain after E is

completed they are unfolded such that the
azimuthal &V is minimized.

Although the correction process may appear
intensely iterative, this is not the case. Most
situations can be corrected with between 2 and 6
iterations of steps A through D. Step E is
generally not necessary.

5.0 IMPLEMENTATION CONSIDERATIONS
5.1 Filtering

For any dealiasing technique to be effective,
it is necessary that spurious data first be
eliminated because they put large demands on
processing. Three filtering techniques were
designed to accomplish this.

The first filter eliminates data based upon
signal strength. Data are accepted for further
processing if their signal return is above some
arbitrary threshold above noise. Exceptions to
the acceptance criteria are made for data below
threshold that are relatively free of noise.
This condition is inferred when AV is no greater
than V. 74 within a test segment length of eight
gates. These thresholds are arbitrary but work
well,

The second technique is a size filter. Small
features, less than eight contiguous gates in
length are eliminated. These features are of
little meteorological importance and their
elimination improves the performance of the
technique used to initialize isolated features
(section 5.3).

The final preprocessing step eliminates
point-spikes. This is accomplished by computing
the radial velocity differences on either side of
each data point. Wwhen both differences exceed
the arbitrary threshold of V, /2 a point spike is
declared and the value is flagged

5.2 Algorithm Initialization

Since the SEARCH routine uses a corrected
reference radial to control unfolding in the
adjacent subject radial, a method is needed to
initialize the first radial of the program. A
simple procedure works well as long as a few
precautions are taken.

No refergnce is available to help unfold the
first radial. It is therefore necessary that




steps are taken to minimize failure. Two
potential problems exist. An aliased velocity
might be used to initialize the radial and/or a
LNG may exist along the radial. Neither of these
problems can be detected with the 1-D technique
used to unfold the radial.

The first problem can usually be avoided by
initialization at low elevations. Any radial,
regardless of elevation angle, can be used if
initialization is done near the radar but away
from data contaminated by ground clutter. The
second problem is more difficult to avoid. LNGs,
however, can be inferred by the magnitude of the
gate-to-gate 4V revealed during unfolding. Note
that this velocity difference is not necessarily
real but may be induced by the 1-D technique.
Radials with gate-to-gate AV in excess of the
arbitrary threshold vV /2 are assumed to contain
LNGs and are not used to initialize the
algorithm. This technique was found to be not
particularly sensitive to the threshold selected.

5.3 Isolated Features

The problem of initializing isolated features
is addressed by techniques that correct general
ambiquity. This algorithm addresses only rela-
tional ambiguity. It is not the intent or
purpose of this work to present a new solution to
resolving general ambiguity. The problem has
been addressed here, however, because of dif-
ficulties produced in the unfolding process; an
unresolvable conflict occurs when correctly and
incorrectly initialized radials meet. A simple
technique was designed where isolated features
are initialized with nearby, corrected features.
The purpose is not so much to assure correct
initialization, but to maintain continuity.

An isolated feature can be initialized by
features along the subject radial or in the
. adjacent, corrected radial located either ahead
or behind the isolated feature. A feature is a
candidate to initialize another only if the two
features are within a propagation distance (D)
defined as:

D=V, * NIV, -V,

where V, and V_ are the begin and end velocities
of the ?eature, A is the length of the feature,
and V_ is the Nyquist velocity. If more than one
feature is a candidate the nearest is selected.
I1f no values satisfy the condition, the isolated
feature is assumed to be correct as is.

6.0 CASE STUDIES AND RESULTS

Some of the most difficult unfolding
situations are those associated with severe
thunderstorms. Data from four days of
thunderstorm activity were selected for the
study. These storms cover the gamut of
thunderstorm intensity from non-tornadic to
severe tornadic (F4) (Table 1). Also represented
in the sample are the typical Nyquist ranges used
when sampling these storms by S-band radar: 24,
28, and 34 m/s. All the storms were observed by
the National Severe Storms Laboratory S-band
radar in Norman, Oklahoma. For three cases the
data were processed with the AFGL pulse-pair
processor used during the Joint Doppler
Operational Program (JDOP). For the fourth, the
NSSL processor was used.

A total of over 5000 cases of relational
ambiquity were identified by the algorithm,

These cases are roughly separated among natural
and spurious data. Only about 1 percent of the
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Table I. Case studies.

tornadoes

produced analysis
Storm Date W S V times (CST)
Ada 5/29/18 0 0 O 1740 - 2015
Binger 5/22/81 31 1 1515 - 2010
Del City 5/20/77 0 2 O 1610 - 1930
Piedmont 4,/30/78 1 31 1545 - 1920

W = weak tornadoes (F0 - Fl)
S = strong tornadoes (F2 - F3)
V = violent tornadoes (F4 - F5)

data contain relational ambiguities, but these
data contain extremely important meteorological
information. The algorithm correctly processed
these 96 percent of the time. This corresponds
to 95 percent accuracy for spurious data and 97
percent accuracy for natural data.

Failures of the algorithm in natural data
occurred, for the most part, at the edge of a
boundary where the signal strength fell below
threshold. 1In these cases the perimeter
surrounding a relational ambiguity is
incompletely defined and directional bias is a
problem. To counteract this problem, the data
were threshold at low signal levels. As a
result, mesocyclones, which often are near echo
boundaries, appear to have been treated correctly
in nearly all cases.

Additional failures in natural data are
associated with the inability to isolate a
relational ambiguity. This can occur at either
the beginning or end of a radial where the data
are truncated. This is a design limitation of
the algorithm.

Failures in spurious data resulted primarily
when implementation thresholds in DEMARCATION
were exceeded. Nominal thresholds of 120
contiguous gates in range and ten azimuths define
the maximum operating resolution of DEMARCATION.
The range threshold can be exceeded by jamming
signals, as from military aircraft. Conversely,
the azimuthal threshold can be exceeded by
interference bands..

7.0 CONCLUSIONS

A new two-dimensional velocity dealiasing
technique is presented. This was tested on
severe thunderstorms and was found to correctly
process 96 percent of those problem areas
remaining after the application of a 1-D
technique. This degree of reliability can have a
tremendous impact on phenomena detection
algorithms, such as those in NEXRAD, that depend
heavily on data integrity. The algorithm
operates in real-time on a 1 MIP processor and
appears to represent a suitable approach for
NEXRAD operations since computational demands are
optimized without compromising reliability.
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PERFORMANCE COMPARISON OF AN IMPROVED MESOCYCLONE
DETECTION ALGORITHM WITH THE NEXRAD MESOCYCLONE ALGORITHM

Paul R. Desrochers*

ST Systems Corporation (STX)
109 Massachusetts Avenue
Lexington, MA 02173

1.0 INTRODUCTION

Mesocyclones are rotating regions associated
with intense updrafts in a severe thunderstorm.
They usually contain two flow regimes: an inner
core where the velocity is proportional to the
radius (a Rankine cambined vortex), and an outer
region where the velocity decreases with the
inverse of the radius (a potential vortex).
Rotational velocities are then greatest along the
periphery of the inner core.

The core region tends to be sufficiently
large and strong to be readily detected by a
single Doppler radar. Since Doppler radar senses
motion only along its beam, it senses the meso-
cyclone circulation only on two sides where
motion is directed either toward or away from the
radar. The result is a characteristic signature
that consists of a maximumminimm radial veloci-
ty couplet in close proximity to each other.

While severe weather events, especially
intense tornadoes, usually have associated
intense and persistent rotation, not all rotation
events within thunderstorms are associated with
severe weather. Rules for discriminating
mesocyclones from transient rotation events were
established by the Joint Doppler Operational
Project (JDOP) (Burgess, et al., 1979) following
extensive data analysis. Hennington and Burgess
(1981) then took these rules and developed an
algorithm for automatic mesocyclone detection.
With a high degree of success their algorithm
distinguished cyclonically rotating mesocyclones
from other shear feature types and was selected
for use by the Next Generation Weather Radar
(NEXRAD). This version of the algorithm will be
referred to here as the NEXRAD algorithm. Wieler
and Donaldson (1983) enhanced this algorithm to
enable the additional detection of Tornadic
Vortex Signatures (IVSs) and anticyclonic fea-
tures. In this paper we present a further
enhancement that results in improved discrimina-
tion capabilities for features and more accurate
estimation of mesocyclone core related para-
meters. The structure and performance of this
better algorithm, herein referred to as the STX
algorithm, is compared to the NEXRAD algorithm.

2.0 AUTOMATED MESOCYCLONE DETECTION
2.1 GENERIC ALGORITHM STRUCTURE

Current mesocyclone detection algorithms
rely on the same basic infrastructure in order to
detect mesocyclones. There are four primary
construction steps:
1) Azimuthally oriented shear is identified in“-
the Doppler velocity field. Across a mesocyclone

*This work was performed under AFGL contracts
F19626-82-C-0023 and r19628-87-C-0124.
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core the velocity gradient is constant in sign
and is readily identified. At each range gate
interval a search is made in the azimuthal direc-
tion for segments where the velocity gradient has
the same sign. These segments, called Pattern
Vectors (PVs), are described by range, beginning
and ending azimuths, and velocities.

2) PVs from a single elevation scan are combined
into two—dimensional (2-D) features.

3) 2-D features from multiple elevations are
combined into three-dimensjonal (3-D) features.

4) 3-D features are tested for mesocyclone
qualification.

Important differences between the algorithms
occur in the methodology used in these
construction steps. In the discussions that
follow, the focus will be on the methodologies of
the algorithms and how the methodologies affect
the performance of the algorithms. Threshold
magnitudes are generally not presented in order
to emphasize technique.

2.2 NEXRAD ALGORITHM CONSTRUCTION

Both algorithms are designed to operate in a
real-time environment. To minimize processing
overhead the methods were developed to minimize
the total mmber of PVs retained by the algorithm
while still retaining all mesocyclone associated
PVs. For the NEXRAD algorithm, mesocyclone
associated PVs are identified with thresholds on
mopentus and shear,

Once PVs are assembled, 2-D features are
constructed by matching PVs that are close in
range and azimuth. 1In order to eliminate noise,
feature retention is limited to those containing
a threshold mumber of PVs.

Pattern vectors contain valuable information
about the mesocyclone core region that can be
used to distinguish mesocyclones from other types
of shear features. Parameters, such as core
dimensions, rotational velocity, and shear, are
estimated in the NEXRAD algorithm by the averagee
of PVs with modification by a momentum factor
that emphasizes the largest and most sheared PVs.
These parameters are then used to determine if a
2-D feature has the characteristics of a
mesocyclone, namely that the feature is somewhat
circular and has mesocyclonic shear. Because
mesocyclone sampling is degraded with range,
symmetry criteria are relaxed beyond a prescribed
range from the radar. Requirements for shear do
not change, however.

In the construction of three-dimensional
features, 2-D features from different elevations
are grouped together into a 3-D feature upon
satisfying separation criteria. These criteria
are unique to each 2-D feature and are & function
of feature diameter. .Once assembled, 3-D




features are tested for qualification as
mesocyclones. This requires only that two or
more of the 2-D features within a 3-D feature
have mesocyclone characteristics.

2.3 STX ALGORITHM CONSTRUCTION

Some problems (to be outlined below) have
arisen with the NEXRAD algorithm and with the
Wieler and Donaldson algorithm. These appear to
be based not in the basic algorithm structure but
rather in some of the methodology used in the
mesocyclone construction steps. The STX al-
gorithm was designed to eliminate these problems
so that its analysis of mesocyclones would more
closely replicate that of a human being. Since
the NEXRAD and STX algorithms contain the same
generic structure it is instructive then to
outline some difficulties with the NEXRAD
algorithm along with the improvements in the STX
algorithm that ameliorate these difficulties.

Use of a momentum criterion by the NEXRAD
algorithm implies a variable lower limit on the
size of PVs that can be detected. Momentum
thresholding will often prevent TVS detection
unless they are very large and intense. 1In
situations when a mesocyclone ‘wraps up’ into a
TVS some PVs of the mesocyclone may go undetected
by the NEXRAD algorithm resulting in an
incompletely sampled circulation. The STX
algorithm uses a simpler approach to pattern
vector retention based on shear and velocity
difference across a PV. These parameters are
suitable for mesocyclone detection as are the
NEXRAD parameters, but because they are sensitive
to feature energy and not dependent on feature
size they permit TVS detection as well. STX
thresholds are not fixed but vary according to
the relative sizes of the beam and vortex. This
is especially important for TVS detection
throughout the first-trip range interval.

In the construction procedure for 2-D
features the NEXRAD algorithm combines together
PVs that are adjacent in range if their centers
are within a prescribed azimuthal separation.
This leads to a problem for some PVs with small
azimuthal diameters. Some 2-D feature elements,
adjacent in range, are allowed to be disjunct by
the NEXRAD algorithm if the sum of their
azimuthal diameters is less than four degrees.
Since this is not an observed property of
mesocyclone cores, feature elements of the STX
algorithm are required to be contiguous.

During the development stages of the STX
algorithm it was discovered that the mumber of
potential 2-D features often exceeded the design
capacity of the algorithm. Rather than increase
the 2-D feature capacity it was decided to
eliminate unwanted features with detection
criteria based upon circularity and shear of 2-D
features. Wwhile the NEXRAD algorithm design does
not specify an upper limit for the number of 2-D
features, the version used in this investigation,
obtained from the National Severe Stomms Labora-
tory (NSSL), had a limit of 40. This was found
sufficient for the cases examined in this study.

The NEXRAD algorithm is not accurate for
estimating mesocyclone core parameters. That is
because because it assumes that the core is well
represented by the continuum of PVs when in fact
true rotational velocity is measured only at the
points where motion is directed toward or away
from the radar, Therefore the use of momentum
weighted means of shear and diameter computed
over the entire mesocyclone as used by the NEXRAD
algorithm will not produce meaningful results.
Feature parameters of the STX algorithm are based
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upon the location and magnitude of the incoming
and outgoing velocity maxima of the core. This
method permits an estimation for mesocyclone core
orientation so that rotational velocity can be
adjusted for divergence. Mesocyclone features
are also adjusted according to the theoretical
profiles of how a radar views a Rankine combined
vortex (Brown and Lemon, 1976).

It is common for unrelated shear regions or
velocity couplets to exist in the vicinity of a
mesocyclone. When they do it is important that
they not be mistaken as mesocyclone components.
In order to better assure reliable mesocyclone
construction the STX algorithm identifies all 2-D
feature candidates of the same elevation scan
that qualify for inclusion into a 3-D feature.
From these a selection is made based upon
distance and shear. The NEXRAD algorithm does
not go through such a selective process. A 3-D
feature is matched with any 2-D feature that
satisfies the overlap criteria, regardless if
better combinations exist.

When the number of 3-D features exceeds the
design capacity of the STX algorithm, those
features that appear least likely to be
mesocyclones are discarded. Feature elimination
is based upon the degree of circularity and
three-dimensional structure. In this scheme
elongated shear areas are the first features
discarded. Feature capacity is not specified in
the NEXRAD algorithm.

STX mesocyclone classification criteria
mirror those from JDOP: mesocycione shear must
exist over a prescribed thickness and over a time
period of at least that of one half the feature
rotation period. The STX algorithm requires the
additional constraints that a 3-D feature be
somewhat circular and that it has a vertical
divergence distribution that does not deviate
from the standard model of mesocyclones (Burgess,
et al., 1979). These additional criteria were,
in part, derived from a detailed, manual analysis
of over twenty mesocyclones. NEXRAD criteria are
mich more lenient than the JDOP rules in that
they do not specify a minimm thickness for
mesocyclonic shear, mesocyclenic shear to be
contiguous in the vertical, and persistence. The
lack of a persistence requirement, in particular,
may well result in a high percentage of false
alamms in the NEXRAD algorithm.

As a consequence of the STX algorithm’s
persistence requirement for mesocyclone
identification it became necessary to develop
tracking capabilities, because persistence is not
always satisfied within a single volume scan
period. All 3-D features are tracked regardless
of classification to enable the entire history of
a mesocyclone to be monitored.

3.0 ANALYSIS
3.1 DATA SOURCE

From March 15 to June 15, 1987 the DOPLIGHT
'87 (Doppler Lightning Program) was conducted at
NSSL. One objective of the program was to
closely simulate the NEXRAD data collection
format in order to test performance of a number
of algorithms destined for use in NEXRAD.
Azimuthal resolution was mandated at 1 degree,
and vertical scanning increments were 1 degree
f-~r the first 5 elevations with subsequent larger
inzrements at higher elevations. The total
nurher of elevation scans generally varied
Latween Bix and nine, and while this resulted in
a degraded vertical resolution over that
obtainable with the NEXRAD srstems, it was




necessary to obtain reasonable volume scan update
times of 6 to 10 minutes,

The 1987 tornado season-in Oklahoma was
rather uneventful with only 12 tornado days
occurring during DOPLIGHT ‘87. Most of the tor-
nadoes were weak, but a couple with F-2 intensity
occurred in western Oklahoma. Large hail (1 inch
or larger) was a more frequent weather event,
occurring 21 days of the program. Most of these
events did not have mesocyclones associated with
them and any mesocyclones that did exist were
generally neither intense nor persistent.

Table 1. Storm analysis.
analysis / levels with
(structure / mesocyclonic
location only) / shear
time az.,rng.
date  (CST) (degq),(km) manual  STX NEXRAD
5/19 | 1619 356, 63 c/3 Cr miss
5719 | 1629 356, 67 M4 M2 miss
5/19 | 1639 353, 72 (W] c/l ul
lag time (min) —> 0 n.a.
5/19 | 1619 159,110 c/3 cr ul
5,19 | 1629 159,106 M4 M2 u/l
5/19 1639 158,100 Mo w4 v
lag time (min) —> 0 n.a.
5/26 1858 323,118 M4 c2 miss
5/26 | 1904 323,117 n3 c/0 miss
5726 | 1911 329,116 Cc/2 M2 un
5/26 | 1918 335,117 n4 c/l ul
5/26 | 1925 340,122 M4 M2 o
5,26 | 1932 339,124 M4 M3 s/l
526 | 1938 344,126 Cc/3 c/l M1
5/26 | 1945 345,128 M/4 M2 u/l
5/26 | 1952 347,128 M4 c/0 v/l
S/26 | 1958 350,131 c2 s$/2 u/l
S/26 | 2006 354,134 M/3 c/2 c/2
lag time (min) —> 14 28
5/26 | 1952 355,152 n.a. M/34e U Orn
5/26 | 1958 359,152 n.a. C/0%e  W/lww
5/26 | 2006 2,156 n.a. C/1ee U lne
lag time (min) —> n.a. n.a
6/15 | 2030 195, 55 M7 C/4 ul
6/15 2040 198, 54 M7 V2 M/l
6/15 | 2050 201, 56 M/6 c/4 miss
lag time (min) —> 10 10
6/15 | 2040 I 163, 64 WS €3 miss
6715 | 2050 169, 61 M2 M2 miss
lag time (min) —> 10 n.a.

** byproduct of an aliased velocity field

LEGEND:
U - single elevation feature
S - multiple elevation nonsymmetric feature
C - multipe elevation symmetric feature
¥ - mesocyclone
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The season was uséful for the purposes of
this investigation. There is little doubt that
either the NEXRAD or STX algorithms could identi-
fy intense, well defined mesocyclone circulatjons
such as those that produced the F~4 rated 1978
Piedmont, OK &nd 1981 Binger, OK tornadoes. A
more respectable challenge to algorithm perform-
ance is how well it detects borderline meso-
cyclone circulations. Although wedk mesocyclones
are unlikely to produce significant tornadoes,
their detection is important because they are
still associated with large hail and strong
winds. From the archives of DOPLIGHT ‘87, five
test cases were selected. A number of these
cases were classified as mesocyclones by
meteorologists at NSSL, while others were thought
to be marginal for mesocyclone classification.
This mix of feature types provides a good test
bed for algorithm performance.

3.2 ANALYSIS METHOD

Both algorithms were run on the test data.
vwhenever a feature was identified as a
mesocyclone by either the NEXRAD or STX algorithm
the data was subjected to an independent analysis
to establish a ground truth by which the
algorithms could be compared. This analysis
consisted of two parts:

1) Manual analysis of the data through use of
B~scans.

2) Application of JDOP rules for for
verification of mesocyclones.

Features suspected or verified as mesocyclones
through this method were tracked manually for
their duration or until the data was exhausted in
order to establish their history.

In order to facilitate performance
evaluation of the algorithms, it is necessary to
standardize the classifications made by each.
Since the NEXRAD algorithm categorizes a feature
as a mesocyclone based entirely upon its vertical
structure this method will be referred to as a
structure classification. Mesocyclone identifi-
cation by JDOP rules and the STX algorithm, which
require structure and persistence, shall be
referred to as a persistence classification. The
ability of each algorithm to detect mesocyclones
according to these two classifications was
determined. Since persistence often requires
tracking features between consecutive volume
scans, and since no reliable method exists for
tracking NEXRAD features, this was accomplished
manually in order to simulate the persistence
method in the NEXRAD algorithm.

3.3 RESULTS

A total of five mesocyclones existed within
the first-trip range interval during the dates
and study times examined. None of these were
tornadic but two developed within storms that
produced large hail. However, an F-1 tornado
formed on May 19 about 80 km northeast of the
radar, for which no associated shear feature was
detected by either algorithm or by manual
analysis.

One pertinent feature existed in the second-
trip range interval during the study. This was a
short-lived mesocyclone resolvable by manual
analysis that formed in the Texas panhandle on
May 24. Unfortunately, software prdblems at the
writing of this paper prevented analysis of
second trip data by the automated algorithms.




Table 1 presents the histories of the five
first-trip mesocyclones. Feature locations shown
were obtained from the STX algorithm and compare
on average to within 1.6 km of the locations
derived from manual analysis of the data.
Features were classified using structure only and
not persistence. 'Levels with mesocyclonic
shear’ refers to those 2-D features correctly
identified by the algorithms as having
mesocyclonic shear. ’‘Lag time’ indicates the
delay for mesocyclone classification by the
algorithms compared to manual analysis when
feature persistence is included.

Table 2A contains each algorithm's
performance in detecting the 2-D features of a
mesocyclone that have mesocyclonic shear.
Performance criteria were adapted from the
forecasting performance evaluation method of
Donaldson, et al. (1975). To qualify as a hit,
Pvs of the mesocyclone core must be detected by
the algorithms and shear must be indicated to be
of mesocyclonic magnitude. Failure to satisfy
these requirements qualifies as a miss. Levels
indicated as having mesocyclonic shear that were
found otherwise through manual analysis are
labeled as false alarms. Although the sample is
too small for absolute percentages to be
meaningful, the relative performance of the
algorithms can be appreciated. Neither algorithm
completely duplicated the manual analysis, but
the STX algorithm did outperform the NEXRAD
algorithm. The probability of detection by the
STX algorithm was higher and its false alarm rate
was lower, in comparison with the NEXRAD
algorithm. Wwhile the STX algorithm detected 83
percent of the 2-D features associated with
mesocyclones, problems with estimating the
locations of the extrema in the rotational

Table 2. Algorithm performance.
A) event: single elevation feature containing
mesocyclonic shear
STX NEXRAD
POD 57% 21%
FAR 8% 29%
Cs1 55% 19%
B) event: mesocyclones (by structure only)
STX NEXRAD
POD 100% 60%
FAR 0% 0%
cs1 100% 60%
LEGEND:

X = detect event which occurs

Y = miss event which occurs

Z = false alarm

Probability Of Detection (POD) = X/(X+Y)
False Alaﬁn Rate (FAR) « Z/(Z+X)

Critical Success Index (CSI) = X/(XeY+2)
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velocity appear to be a source for misses. On
the other hand, the NEXRAD algorithm detected
only 20 percent of the features associated with
mesocyclones and therefore its misses appear to
be due to this failure.

The success rate for identifying
mesocyclones, based on their structure alone, is
shown in Table 2B. No false alarms were produced
by either algorithm, but the STX algorithm iden-
tified two mesocyclones that the NEXRAD algorithm
missed. It is interesting to note that every
mesocyclone identification by the NEXRAD
algorithm was rather coincidental because none of
its 3-D features ever contained more than one 2-D
feature actually associated with the mesocyclone
core. Large 2-D features that did not share ver-
tical continuity were often combined together in-
to the same 3-D feature by the NEXRAD algorithm.

Mesocyclone detection was found not to
increase when feature persistence was included
for the cases examined.

it is worthy of note that one other feature
{on May 26) not included in this study resulted
in both algorithms identifying a mesocyclone 150
km north of the radar. However, manual
investigation of the data indicated no
mesocyclone. In fact, no shear feature of any
kind could be seen. This false alarm can not be
directly attributed to the algorithms but rather
to a corrupted velocity field. Aliased
velocities associated with a mesocyclone located
20 km to the south were not unfolded correctly by
the method employed for this study, and velocity
data at subsequent ranges were cortupted. The
resulting velocity field was perceived as a
mesocyclone by both algorithms. The unfolding
technique used is common and simpie, attempting
to unfold aliased velocity data by minimizing the
radial velocity gradient. This technique is
known for speed but not reliability. Better
unfolding methods will have to be developed for
NEXRAD if this problem i» gcin~ to be avoided in
the future. Because the false alarm was caused
by faulty data and not the algorithms, the
tesults of this were not included in previously
discussed algorithm performance.

4.0 CONCLUSIONS

A comparison was conducted between the
NEXRAD and STX mesocyclone detection algorithms.
The algorithms were tested on five weak
mesocyclones. The STX algorithm detected all of
the mesocyclones of the study, while two of the
mesocyclones were missed by the NEXRAD algorithm.
Neither algorithm produced false alarms when
velocity data were correctly unfolded, but their
performance was poor in the presence of velocity
artifacts.
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ABSTRACT

A significant improvement in the reliability and timeliness of tornado warnings can be achieved through
quantitative measurement by Doppler radar of selected mesocyclone featurcs. The mesocyclone, a midsize
circulation found in some of the most severe thunderstorms, is a frequent precursor of tomadoes, especially
those of strong or violent intensity. Mesocyclones can be readily detected by Doppler radar, and their distinguishing
characteristics measured.

A small sample of 17 Okiahoma storms containing mesocyclones was investigated in an effort to find optimum
tornado prediciors. The mesocyclone characteristic that provided the basis for the fongest and most accurate
warnings for violent (F4 and F5) as well as strong (F2 and F3) tornadoes is excess rotational kinetic energy
(ERKE), defined as the rotational kinetic energy of the mesocyclone core calculated after subtraction from
mesocyclone rotational velocity of the product of core radius and a selected value of threshold mesocyclonic
shear. Rotational velocity also offered a basis for excellent warnings of the strong tornadoes. Little or no skill
was achieved for identification of weak (FO and F1) tormadoes. However, the distinctive warnings possible for
strong and violent tornadoes in this small sample, using ERKE, offer reasonable promise of similar results when

next generation weather radar (NEXRAD) becomes operational.

1. Introduction

Accurate tornado warnings, combined with an alert
and receptive public, can prevent personal injury and
save lives. The reliability of tornado warnings should
improve significantly during the next few years as next
generation weather radars (NEXRAD) are installed
throughout the United States and forecasters learn to
use them effectively. The capability of Doppler radar
to measure advancing and receding air motion provides
a valuable source of information on storm processes
frequently associated with developing tornadoes. This
enables a greater probability of detection of tornadic
storms and increased lead time before tomado touch-
down. The use of Doppler radar should also reduce
false alarms, which compromise the credibility of ac-
curate warnings and might increase tornado casualties
among skeptics insufficiently motivated to heed a valid
warning.

The research reported herein represents an early
stage in the development of a quantitative technique
for the timely identification of tornadic storms. The
results, using an Oklahoma dataset, appear to be very
promising as an aid in warning of strong and violent
tornadoes. Accordingly, this study is offered as back-
ground information to interested forecasters of severe
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storms and tornadoes, who will eventually have the
advantage of the augmented observing capability and
automated products of the NEXRAD Doppler radars.
We are motivated by our trust that operational fore-
casters will benefit from familiarization with ongoing
developments of techniques that may lead to improved
tornado warnings. The techniques discussed in our ar-
ticle may also contribute to the development and test-
ing of algorithms useful for warning of strong and vi-
olent tornadoes in a variety of climatic regimes
throughout the United States.

After a brief review of mesocyclone detection and
its significance for tornado identification in section 2,
the concept of excess rotational kinetic energy (ERKE)
of a mesocyclone core is introduced in section 3. Some
carlier results are presented, showing application of this
concept for identification of subsequent tornadocs.
ERKE is rotational kinetic energy of a mesocyclone
core, calculated with a velocity diminished by a term
proportional to core radius. The reasoning leading to
adoption of ERKE as a tornado predictor, and the ad-
vantages it offers, are discussed in some detail in section
3. Current research, employing integration by height
of ERKE, is discussed in section 4. Procedures for se-
lection of optimum ERKE parameters are explained
in this section, and resultant lead times and identifi-
cation errors are given for threc intensity classes of tor-
nadoes. Finally, these ERKE results are compared with
those achieved by several other mesocyclone features.
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2. Historical background of mesocyclone detection

The key to reliable and timely identification by radar
of strong-and violent tornadgoes is the mesocyclone.
Brooks (1949) discovered evidence for a midscale cir-
culation surrounding tornadoes, inferred through his
study of a closely spaced network of surface pressure
and wind trends. He named the feature a tornado cy-
clone, now known as a mesocyclone. A mesoscale
analysis by Fujita (1958) of an lllinois tornado and its
environment, using radar observations as well as all
available surface data, confirmed Brooks® hypothesis.

Lhermitte (1964), in a theoretical treatment, antic-
ipated the characteristic sighature of a mesocyclone
core viewed by a single Doppler radar. After observing
Lhermitte’s predicted velocity pattern in a severely
damaging storm, Donaldson {1970) proposed critenia
of shear, persistence, and vertical extent for validation
of the single-Doppler signature of a mesoscale vortex
or mesocyclone. This signature (Fig. 1) consists of a
couplet of maximum (receding) and minimum (ap-
proaching) Doppler velocitics at about the same range,
and with the maximum velocities to the right of the
minimum, as viewed from the radar. The distance
across the couplet indicates the diameter of the high-
vorticity core of the mesocyclone, and half the speed
difference across the couplet is the maximum Totational
velocity of the core.

Burgess (1976 ) conducted a search for mesocyclones
by Doppler radar in Oklahoma. In a 5-yr period, he
identified 37 mesocyclones, and found that 23 of these
were accompanied by tornadoes. Furthermore, he
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found that tornado-producing mesocyclones preceded
tornadoes by half an hour, on average. Some form of
severe weather accompanied all but two of these me-
socyclones. This crucial study by Burgess laid the
foundation for improved tornado warnings, and led to
the Joint Doppler Operational Project (JDOP), an ex-
periment designed for testing the reliability of Doppler
radar in an operational scenario for detection of tor-
nadoes and other severe storm hazards.

The results reported by the JDOP Staff (1979) are
most impressive. The detection rate for tornadoes was
69%, with a false-alarm rate of only 25%. Most im-
portant for tornado warnings, the average lead time
before tornado touchdown was 21 min. This is a sig-
nificant improvement over the average 2-min. lead time
achieved by the Oklahoma City Weather Service fore-
casters during the JDOP operations for tornado warn-
ings prepared without benefit of Doppler radar. The
Oklahoma City forecasters achi= ved a stunning tornado
detection rate of 64%, nearly .~jual to the rate for JDOP
and about three times the national rate for the same
period reported by Pearson and David (1979), but their
false alarm rate of 63%, though considerably below the
concurrent national average of 93%, was significantly
higher than that of JDOP. The superior JDOP warning
performance validated the incorporation of Doppler
capability in the NEXRAD radars.

The statistical relationship between mesocyclones
and tornadoes suggests the possibility for mesocyclone
classification that might provide a basis for further im-
provement of tornado prediction. Burgess (1976),
however, found that average values of rotational ve-

FIG. 1. Single-Doppler radar signature in plan view of a mesocyclone with pure rotation (no
divergence ) and no translational component, depicted by contours of Doppler velocity measured
by a rodar located at the bottom of the page. Positive velocities (white area) indicate mouion
receding from the radar; negative selocities (shaded arca) indicate motion toward the radar.

(Adapted from Donaldson 1970.)
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locity, horizontal diameter, and vertical extent in his
carly sample of 37 Oklahoma mesocyclones were nearly
cqual to the corresponding average values of the tor-
nadic subset. This was also the case in a recent survey
article by Burgess and Lemdn ( 1990), where they pro-
vided data on 45 ‘“‘well-observed”™ mesocyclone sig-
natures.

For both of his surveys, however, Burgess found en-
couraging characteristics that may lead to better fore-
casting of the large and violent maxitornadoes: Their
precedent mesocyclones are distinctive in several re-
spects from the general population of mesocyclones.
These special mesocyclones tend toward somewhat
smaller diameters and have larger rotational velocities,
resulting in considerably greater shear ( velocity divided
by radius) across their cores. For example, in the Bur-
gess and Lemon (1990) survey, all of the maxitornadic
mesocyclones displayed shear of 20.01 s™', but more
than half of the total number of mesocyclones in their
sample failed to reach this high value of shear.

3. Development of the concept of excess rotational
kinetic energy

Donaldson and Desrochers (1985) initiated an in-
vestigation of the rotational kinetic energy (RKE) of
mesocyclone cores, in an effort to seek further im-
provements in tornado predictability. They assumed
that the core region of a mesocyclone may be approx-
imated fairly well by a cylinder of radius r and height
Ah, in solid rotation around a vertical axis, with a
maximum rotational velocity v. The rotational kinetic
energy is given by fw?/2, where [ is the moment of
inertia about the rotational axis, and w is the angular
velocity, equal to v/r. The moment of inertia of a cyl-
inder of mass m and radius r, rotating about its central
axis, is I = mr?/2. The mass of the cylinder is p Ahnwr?,
where p is density. Finally,

RKE = Jw?/2 = pAhxriv?/4. )

Values of r and v arc obtained through a search of
the Doppler velocity field, at each elevation angle, for
a couplet of velocity extrema at roughly the same range.
These extrema are generally of opposite sign, unless
the mesocyclone is moving toward or away from the
radar at a translational speed greater than the rotational
velocity. The radius 7 is haif the distance between the
velocity extrema, and the rotational velocity at the core
perimeter is half the algebraic difference between the
velocity extrema, multiplied by a factor cos¢. The angle
¢, measured between a line joining the velocity extrema
and a constant-range line, indicates the presence of
divergent (or convergent) components across the core
(cf. Wood et al. 1986), and in these instances purc
rotational velocity is isolated by the factor cos¢. Values
of p (air density) as a function of height were taken
from the 30°N July table in the U.S. Standard At-
mosphere Supplement (1966). Energy calculations
were performed in joules/meter by setting Ah = 1 m,
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A quantitative technique is required 10 distinguish
those coupicts indicating that rotation is likely from
those wherein rotation could be in doubt. The tradi-
tional criterion for rotation used with single-Doppler
radar is the mesocyclonic shear threshold S,, = v/r
= 0.005 s™! suggested by Donaldson (1970) and con-
firmed by Burgess (1976) as suitable for identification
of Oklahoma mesocyclones. Acceptance of this shear
threshold—or any subsequent revision of it—as a con-
dition of rotation neccssarily discards shear regions that
almost, but not quite, reach the threshold. Although
the product of r? and v? might be very large in these
submarginal shear regions, its failure to reach the stan-
dards set up for rotation would require its rotational
kinetic energy to be considered as zero. On the other
hand, a shear region with the same velocity increment
but occurring over a slightly smaller distance might
barely achieve the requisite mesocyclonic shear thresh-
old and have its very large RKE considered legitimate.
Slight errors in measurcment of r and/or v, or a small
adjustment of the threshold, could result in undesirably
large variability in the resultant product.

Consequently, Donaldson and Desrochers (1985)
removed these threshold-induced ambiguities by in-
troducing the concept of excess rotational kinetic en-
ergy. In their formulation, the rotational kinetic energy
is calculated with a diminished velocity, given by sub-
traction of the velocity (rS,,) required to achieve me-
socyclonic shear ($,,) for the measured radius (r) from
observed rotational velocity (v). The resultant dimin-
ished velocity (v — rS,,) can be regarded as excess to
the minimum required for the maintenance of meso-
cyclonic shear. This formulation provides a smooth
transition from zero to finite rotational energy values
as the shear threshold is crossed. Accordingly,

ERKE = pAhwri(v — rS,)?/4, (2)

with S,,, provisionally equal t0 0.005 s~'. Negative val-
ues of (v — rS,,) are considered as zero ERKE. If in-
dicated by further research, ERKE is readily adaptable
to a revised value of threshold-mesocyclonic shear.

The ERKE formulation of (2) can be envisioned by
depiction on a diagram (Fig. 2) with mesocyclonic core
velocity and radius as axes. The straight line on this
diagram is threshold mesocyclonic shear, with a se-
lected value of 0.005 s™*. The region to the left of this
line is the domain of the traditional mesocyclone. The
contours represent various values of ERKE divided by
the ERKE of an average mesocyclone in its strongest
stage of development, found by Burgess et al. (1982)
to have a core radius of 2.75 km and rotational velocity
of 23.3 m/s. This corresponds to an ERKE/m of 540
MJ/m, which is renamed | CMM (climatological ma-
ture mesocyclone).

The ERKE curves are hyperbolas, asymptotic to the
r = 0 axis on the left and the threshold mesocyclonic
shear line on the right. Increasing values of ERKE re-
quire highcr values of both velocity and shear. It scems
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advantageous to accomplish this ,aantization of me-
socyclones with a single functioa that has no discon-
tinuities, rather than a combination of two or more
functions. Another advantage of ERKE is the exclusion
of very small values of radius, which often represent
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artifacts in the Doppler velocity field with no meteo-
rological significance. Still another advantage of ERKE
is its relative insensitivity to antenna resolution errors
because it depends on the product of radius and ve-
locity. Brown and Lemon (1976), in their theoretical
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study of the effects of varying resolution on measure-
ment of a Rankine combined vortex that simulates a
mesocyclone, showed that, in a condition of poor res-
olution, the core radius is overestimated somewhat,
while the rotational velocity is underestimated.

Desrochers et al. (1986) presented some promising
results on the application of the ERKE concept to me-
socyclone classification. They examined ten mesocy-
clonic storms observed throughout their lifetimes by
the National Severe Storms Laboratory (NSSL)
Doppler radar facility at Norman, Oklahoma. The
observations were recorded as a succession of volu-
metric scans, cach scan consisting of a series of plan-
view slices through the storm at successive antenna
elevation angles. Most of the volumetric scans covered
the entire height extent of the mesocyclonic circula-
tions, though a few terminated at altitudes as low as 7
km. Five of these storms produced tornadoes, and two
of the tornadic storms produced violent maxitornadoes,
rated F4 on the intensity scale established by Fujita
(1971, 1981). This sample frequency of tornado oc-
currence is consistent with the general Oklahoma ex-
perience for mesocyclones. However, the proportion
of storms releasing violent (F4 or F5) tornadoes—two
of the ten—is undoubtedly much higher than nature
provides (Kelly et al. 1978).

Corrections were made in vortex size and rotational
velocity for antenna beam resolution, following the
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guidance offered by Brown and Lemon (1976). This
correction is intended to freec the ERKE measurements
from a dependence on range. Comparison among
storms was further facilitated by dividing all values of
ERKE/m by 540 MJ/m, in order to express them in
terms of CMM.

The mesocyclone life cycle within each of the ten
storms was studied by locating the maximum value of
ERKE/m and its weighted height during each volume
scan. Some examples are illustrated in Fig. 3 portraying
significant differences among the three storm types. The
Ada storm (Fig. 3a) did not release a tornado, though
it did produce large hail. The high values of ERKE/
m, <2 CMM near the beginning and =1 CMM on two
succeeding observations, occurred with weighted height
above 5 km. In contrast, the two tornadic storms ( Figs.
3b and 3c) reached high values of ERKE/m when their
weighted height had descended below 5 km. ERKE/
m values in the lower troposphere prior to and during
tornado occurrence persistently exceeded | CMM, a
pattern not apparent in the nontornadic mesocyclones.
The Binger storm (Fig. 3¢) persistently attained ERKE/
m values well above 2 CMM before and during its
violent F4 tornado. .

The intensity of each tornado in all five of the tor-
nadic storms did not correspond with the ERKE/m
magnitude detected just prior to tornado occurrence.
Rather, the maximum ERKE/m value observed during
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the lifetime of a tornadic storm seemed to correspond
with and anticipate the most intense tornado produced
by the storm. Therefore, Desrochers et al. (1986) sug-
gested a simple rule to distinguish tornadic from non-
tornadic mesocyclones: One or more tornadoes are
predicted if the mesocyclone attains an ERKE/m value
of at least | CMM at a height below 5 km, and persists
in this condition for at least 5 min. Nine of the ten
storms were correctly forecast by this rule. The tornado
predictive rule was slightly modified for violent tor-
nadoes, by requiring ERKE/m of 2 CMM to persist
for at least 5 min at a height below 5 km. Both of the
storms with violent maxitornadoes were correctly fore-
cast in this way, with no false alarms.

The warning lead times were calculated with the ad-
dition of 5 min to the beginning of each volumetric
scan to allow for its completion. Results were not en-
couraging for the first tornado in each storm, because
three of these tornadoes had negative lead times of —3
to —8 minutes. For the most intense nonviolent tor-
nado in each storm, however, the lead times were all
positive, ranging from 13 to 63 minutes. For the two
violent (F4) tornadoes, which are rare but dispropor-

_tionately dangerous to human life and well-being, the
lead times using 2 CMM as a threshold were 20 and
72 min, providing adequate opportunity for people in
the threatened area to seek shelter or move to a safer
location.

4. Integration of ERKE with height

The early results of Desrochers et al. (1986) for pre-
diction of tornado occurrence were achieved through
two-dimensional (2-D) calculations of ERKE, specific
to a particular altitude, and dependent on a high value
of ERKE/m appearing below a threshold altitude of
5 km. We now feel that more reliable results can be
achieved by integrating the observations of ERKE/m
from ground level up to some standard height above
ground. There are two advantages in using an average
value of ERKE throughout a column. First, there is
less dependente on a single observation that might be
affected by a measurement error or scanning strategy,
as well as a requirement for some degree of consistency
in the mesocyclone energy structure. Also, the results
are much less sensitive to height thresholding. In the
carlier work a descent of high energy from 5.0 to 4.9
km could trigger a warning, and such a high degree of
sensitivity 1o measurement error or to an isolated
anomaly in the energy profile seems undesirable.

The calculations of ERKE within a specified column
are performed by integrating along a curve conncecting
all values of ERKE/m at the various heights given by
antenna elevation angle and range. At the earth’s sur-
face, the value of ERKE/m is considered to be zero in
the calculation of integrated ERKE.

The optimum height limits for the most productive
tornado warnings by integrated ERKE will be deter-
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mined only after installation and shakedown of the
NEXRAD system enables the acquisition of a large
sample of mesocyclonic data. This is also true for the
optimum value of threshold shear (S,,) for generation
of ERKE in (2). It is lkely, also, that these optimum
height limits and shear thresholds will vary regionally,
and perhaps seasonally and diurnally as well.

a. Selection of optinuum predictors

Meanwhile, the small sample of storms presented
here can provide an overview of candidate tornado
predictors and indicate productive directions for anal-
ysis of the large sample of data expected to be available
in the next few years. Qur sample now comprises 17
Oklahoma storms, including the 10 reported by Dcs-
rochers et al. (1986) and 7 additional ones. All of the
storms were observed within ranges of 160 km by one
or the other of two NSSL Doppler radars. These radars
operate at a wavelength in the 10-cm band and have
half-power antenna beamwidths slightly less than 1°,
so they are comparable in design to the NEXRAD ra-
dars.

The storms were observed during 5 years in Apnil,
May, and June. All of the storms occurred during the
late afternoon and ecarly evening hours, with all me-
socyclones active within the 1600 to 2100 CST period.
Eight of the 17 storms produced a total of 23 tornadoes,
including 2 of violent (F4) intensity, 11 strong (F2 and
F3) tornadoes, and 10 weak (FO and F1) tornadoes.
No tornadoes were reported with the other nine storms.
The occurrence and intensity of the tornadoes were
determined by storm chase teams and poststorm sur-
veys organized by NSSL.

These 17 mesocyclonic storms were subjected to in-
tense scrutiny. Calculations of ERKE at each volu-
metric scan for all storms were integrated over height
intervals from ground level to 4, 5, 6, and 7 km above
ground, using values of 0.004, 0.005, 0.006, and 0.007
s”! for threshold mesocyclonic shear S, in (2). (In-
tegrating heights below 4 km were not considered, in
order to avoid reduction in data at great ranges.) All
values were expressed in terms of CMM, the clima-
tologically mean mature mesocyclone given by Burgess
et al. (1982), by integrating the Burgess statistics for
cach of the 16 combinations of height and shear to
arrive at the corresponding CMM values.

A persistence function was also considered, as Des-
rochers et al. (1986) had done with their 2-D technique.
A casual inspection had revealed a tendency for the
more active tornadic storms to exhibit high values of
ERKE during several or more consccutive observa-
tions. Consequently, for all of the ERKE candidate
predictors we produced a corresponding set of 10-min
persistence values by sclecting the minimum instan-
taneous value occurmng during the 10-min period pre-
ceding each volume scan, interpolating where neces-
sary. Comparative evaluation revealed that the persis-
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tent predictors were superior for some cases, but for
others the instantaneous values were better,

The resultant set of ERKE candidate predictors was
evaluated by statistical analysis, by the number of cor-
rectly forecasted storms in our sample, and by the lead
times achieved for the strong (F2 and F3) and violent
(F4) tomadoes. The statistical analysis, discussed in
more detail in the Appendix, developed #-statistics, i.e.,
ratios of mean difference to standard deviation of two
distributions. These ratios, expressed as ¢, and ¢, pro-
vided an assessment of the significance of the mean
difference in maximum ERKE values between storms
producing violent tornadoes and our total sample, and
between the nonviolent tornadic storms and those
without tornadoes, respectively. The ¢, and t,, values
were used for selection of the optimum predictors. Also,
values of ¢, and ¢,, above 3 suggest a less than 1% prob-
ability that the observed differences are a chance oc-
currence.

The statistical analysis revealed optimum values of
S (threshold-mesocyclonic shear) and / (maximum
height for integrating ERKE). Results are depicted in
Fig. 4, where the two ratios ¢, and ¢,, are plotted as a
function of S,, for & = 4 km (left side), and as a func-
tion of & for S,, = 0.006 s~! (right side). The violent
tornadoes have greater ¢ values for 10-min persistence,
S0 £, is plotted in Fig. 4 for this condition. It is im-
mediately apparent that higher values of S,, are better
for both predictors, tornadoes in general as well as the
violent ones, up to a peak at S, = 0.006 s* or slightly
greater.

The effect of 4, the height of the top of the column
in which ERKE is integrated, is depicted in the right
half of Fig. 4. The greatest separation between the tor-
nadic and nontornadic storms is achieved in our sample
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with the lowest value of & = 4 km. This is true not only
for our adopted value of S,, = 0.006 s™*, but for the
other values of threshold shear as well. It is not at all
clear why this is so, and whether this condition is pe-
culiar only to our sample, or will prove to be general.

On the other hand, it is not surprising to find that
utilizing the greatest height for integrating ERKE (7
km) provides the most opportune separation of vio-
lently tornadic storms from all the others. The ecarly
mesocyclone statistics of Burgess (1976) show that the
average vertical extent of maxitornado mesocyclones
is 9.5 km, excceding the average of all the other me-
socyclones by 2 km. The top limit of A = 7 km was
chosen for our sample because in a few of our storms,
including one of the two storms with a violent tornado,
the data did not go above 7 km because of limited
elevation angles in the radar scanning program. How-
ever, in the other violent tornadic storm there were
three persistent episodes when ERKE with S, = 0.008
s™! would have appeared at heights of >8 km, and all
three episodes occurred before touchdown of the vio-
lent tornado. None of the other storms displayed such
excess energy at such a great height. In view of this
fact, as well as the results of Burgess’ pioneer statistical
study of mesocyclones, we believe that the optimum
top height for integrating ERKE for the important
purpose of warning against violent tornadoes may ex-
ceed our provisional value of # = 7 km by 1 or 2 km
when a much greater volume of data is analyzed during
the NEXRAD era.

b. Lead times and identification errors for ERKE

Tormado warning lead times depend not only on the
magnitude of predictor differences between tornadic

h=4km Sm= 0.006/s
t t
4 L 4 4
PO ety
P e A L, -7
T ".7.\ N 1°
0//0 L 3 tﬂV 0\
2 I~ & P -4 2
*tny
1}k -1
1 1 | 1 1 A - 1
Sm=4 5 6 7 h=4 5 6 7

(0.001/s)

(km)

F1G. 4. Selection of optimum ERKE parameters for tornado warning, using catios ¢, and
t discussed in the Appendix. Solid lines are instantaneous values of {w; dashed lines are 10-
min persistence values of f,. Left side of figure shows variation of ¢, and 1, as a function of
threshold mesocyclonic shear (S, ) for integrating height & = 4 km. Right side shows variation
of {, and 1, as a function of 4 for S, = 0.006s~".
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and nontornadic mesocyclones, but also on the stage
in mesocyclone life cycle when a tornado predictor rises
to prominence, and ultimately on the tornado waining
threshold level chosen by the forecaster community.
At one very safe extreme, onc could decide that the
smallest value of an ERKE predictor could trigger a
tornado warning, in which casc all tornadoes associated
with a mesocyclone would receive the maximum lead
time, but at the cost of a maximum number of false
alarms. On the other hand, if false alarms were regarded
as totally undesirable, the tornado warning threshold
could be set at such a high level that some tornadoes
might escape detection, and the others would have
minimal warning times.

For our evaluation of tornado predictors, we have
‘bypassed the perils of subjective decisions about the
optimum conditions for a tornado warning. Instead,
we have adopted objective thresholds, determined for
violent tomadoes by the midway point between the
mean of the maximum predictor value for violent tor-
nadoes and the corresponding mean for nonviolent
tornadoes. Similarly, the objective threshold for non-
violent tornadoes is the midway point between the
mean of the maximum predictor value for nonviolent
tornadoes and the corresponding mean for mesocy-
clones without tornadoes. Lead times are determined
by interpolation between observation completion times
to find the first minute that shows the predictor value
exceeding the threshold value.

We have also calculated lead times from an adjusted
threshold, defined as the lowest threshold value that
would avoid an increase in the number of false alarms
existent with the objective threshold. Practical lead
times could probably be set somewhere between the
limits determined by objective and adjusted thresholds.

The results achieved with ERKE as a tornado pre-
dictor are directly proportional to the intensity of the
resultant tornado. For example, the two violent (F4)
tornadoes were perfectly predicted with no false alarms,
using a 10-min persistent value of ERKE calculated
with S,, = 0.006 s~ and h = 7 km. Both the objective
and the adjusted lead times were more than adequate:
124 minutes (objective) and 134 minutes (adjusted)
for the Binger storm of 22 May 1981 (discussed by
Hennington et al. 1982, and Lemon et al. 1982), and
11 minutes (objective) and 28 minutes (adjusted ) for
the Piedmont storm of 30 April 1978 (discussed first
by JDOP Staff 1979).

We can claim satisfying results, but not pertect suc-
cess, for prediction of the nonviolent (FO to 1°3) tor-
nadic storms. As indicated earlicr in Fig. 4, the opti-
mum predictor for this class of storm is instantanecous
(nonpersistent) ERKE calculated with S, = 0.006s ™'
and & = 4 km. With an objective warning threshold,
there were no false alarms, but one of the eight tornadic
storms, a producer of two tornadocs, failed to reach
threshold value at any time. In four other storms the
first of several tornadoes touched dawn before the
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warning threshold was reached. In other words, nega-
tive lead times prevailed for these early tornadoes.
However, both of the undetected tornadocs, and all
but one of the tornadoes detected after touchdown,
were in the so-called weak category of FO or F1.

Accordingly, the warning performance of ERKE for
the |1 strong (F2 and F3) tornadoes in our sample is
very good to excellent, leaving none of the tornadoes
undetected. There was one false alarm trniggered in a
tornadic storm that produced only weak tornadoes.
One of the strong tornadoes had a negative-lead time
of —1 min, but the mean lead time for all of the strong
tornadoes was 27 min with an objective threshold and
29 min with an adjusted threshold. However, the
warning performance of ERKE for the ten weak (FO
and F1) tornadoes must be considered only fair to poor,
with two of them escaping detection entirely with the
objective threshold, three others with negative lead
times, and another with only a 2-min positive lead time.
At the lower adjusted threshold, two weak tornadoes
remained undetected and two others had negative lead
times. '

The comparative performance of ERKE for timely
identification of the three intensity classes of tornadoes
is illustrated in Fig. 5. The violent classification is rep-
resented by the Piedmont tormado (so'id line), the less
intense of the two F4 tornadoes in the sample, and
therefore regarded as a conservative estimate of per-
formance for violent tomadoes. Performance for strong
(weak ) tornadoes is given by the dashed (dotted) line.

The ordinate of Fig. 5 is the lead time achieved before
tornado touchdown throughout the range of ERKE
threshold values. Lead time is greatest for the smallest
threshold values and decreases as the threshold is in-
creased. For the strong and weak tornadoes, the mea-
sure of performance used is the median lead time before
the first strong (or weak) tornado in a storm. The me-

-dian, rather than mean lead time is used to minimize

the skewing to greater values by the extraordinanly
long lead times calculated for all of the tornadoes in
the Binger storm. Also, when two or more tornadoes
of a given class occur in the same storm, the lead time
to the first tornado is regarded as more crucial for ef-
fective warnings,

The abscissa of Fig. 5 shows the combined error rate
owing to false alarms and failures to detect. The false-
alarm rate, for a given tornado-intensity class and
threshold value, is equal to the number of storms in-
correctly identified as a producer of one or more tor-
nadoes of the same or greater intensity, divided by the
total number of storms sampled. The rate of failures
of detection, for a given intensity class and threshold
value, is the number of tornadoes in that class not de-
tected, divided by the total number of tornadoes in the
class. The two kinds of errors arc casily distinguished
on this diagram, because, as lead time decreases, false
alarms also decrease but failures of detection eventually
increase. Accordingly, the portions of curves <Janted
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RG. 5. Performance of ERKE as an aid in warning of three intensity classes of tornadoes:
violent (solid line), strong (dashed line), and weak (dotted line). The ordinate gives median
lead time for an intensity class, considering only the earliest tornado of that intensity in a
storm. The abscissa shows combined errors expressed as the sum of falsc-alarm rate and failed

detection rate.

upward and to the right indicate changes in false alarms,
and wherse the curves slant downward and to the right,
failures of detection are increasing. The vertical por-
tions of the curves indicate a minimum in false alarms
before failures of detection increase the error rate.

The type of curves depicted in Fig. 5 would be a
useful forecasting tool when a sufficiently large sample
of mesocyclone data becomes available to establish
confidence in their reliability. For example, if a 20-min
median Jead time is regarded as essential, these prelim-
inary data show the error rate to be zero, 12%, and
40% for violent, strong, and weak tornadoes, respec-
tively, with all errors caused by false alarms. The cor-
responding error rates for a 10-min median lead time
are zero, 6%, and 32%, with 20% of the 32% error rate
for weak tornadoes caused by failure of detection. If a
10% combined error rate is acceptable, the corre-
sponding median lead times would be 30 min for vi-
olent tornadoes, and 19 min for strong tornadoes; weak
tornadoes would not be detected under such strict con-
ditions.

The recent survey article by Burgess and Lemon
(1990) suggests a 40% false-alarm rate for identification
of tornadoes by mere detection of mesocyclones, with
no attempt to classify them quantitatively. Figure 5
clearly shows that the ERKE technique demonstrates
little or no skill in achieving an error rate below 40%
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for predicting weak tornadoes. However, the ERKE
technique does provide the basis for both accurate and
timely warnings of the far more dangcrous strong and
violent tornadoes.

¢. Comparison of tornado predictors

A number of mesocyclonic features. were examined
to determine their accuracy for tornado prediction rel-
ative to ERKE. These included velocity (v), shear (v/
r), rotational kinetic energy (RKE) as given by (1), and
several measures of energy multiplied by shear. Each
of these candidate predictors was averaged over height
intervals of 0-4 and 0-7 km, and compiled with both
instantaneous values and 10-min persistent values per-
tinent to each volume scan. For each predictor, the
most warning-eflcctive combination of averaged height
and persistence or lack of persistence was selected for
comparison with the other predictors.

Multiplication of rotational kinetic energy as given
in (1) by shear (v/r), and integration with height, yiclds
a candidate predictor that we call RP because it has
the dimensions of power, or energy per unit time:

RP = phrrv’/4. 3)

It is likely that RP has no physical relationship to tem-
poral changes in rotational kinetic energy, but is merely
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TaBLE . Comparison of predictors for violent (F4) tornadocs.

Lead time
Storm
Predictor 1 errors  Binger Piedmont
ERKE (P) 3.70 0 124 11 objective
(Sm = 6, (134) (28) (adjusted)
h=17)
Velocity 342 0 144 -7
th=17 (144) (~95)
Shear 3.89 0 —-18 -6
h=" (144) (-4)
ERP 3.61 0 -6 at
(S = 6. (-4) (~6)
h=17)
Time-integrated 2.44 1M 51 M
(RP,h=T7) 1 FA (56) M)
RP(P) 262 I M -15 M
(h = 4) (—15) M)
RKE Negative 2 M M M
(th=17 5 FA (M) M)

a way to express a product that emphasizes velocity at
the expense of radius. Its dimension does, however,
suggest the possibility of integrating the product of RP
and time throughout the life cycle of a mesocycione
to produce another candidate predictor, time-integrated
RP, that grows with time. Finally, we can multiply
ERKE in (2) by excess shear above mesocyclonic
threshold, (v — rS,,)/r, intcgrating with height to cal-
culate excess RP, or ERP:

ERP = phnr(v — rS,)>/4. 4)

The results of a comparison of all predictors are listed
in Tables | and 2. The symbol (P) following a listed
predictor indicates that 10-min persistence gave the
best results for that predictor; no symbol indicates that
the instantaneous values were best. Threshold meso-
cyclonic shears S,, are given in units of 0.001 s™}, and

TasLe 2. Comparison of predictors for non-violent tornadocs
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integrating heights A in kilometers. The ratios ¢, and
1., are discussed in the Appendix. Under the heading
“Storm Errors,” FA indicates a false alarm and M a
missed detection, or failure to detect. The objective
and adjusted thresholds for determination of lead times
(listed in minutes) were discussed earlier, and lead times
derived from the adjusted thresholds are histed in pa-
rentheses. In Table 2, mean-lead times for strong tor-
nadoes were penalized for missed tornadoces by assign-
ing a negative-lead time for cach such failure to detect
a strong tornado equal to tornado time of touchdown
minus a tirne just beyond the final volume scan re-
corded for the parent storm. In both tables, our esti-
mates of best predictors are listed in descending order.

Both tables indicate that ERKE and velocity are the
only reasonable contenders for selection as a tornado
predictor, with a slight edge to ERKE for nonviolent
tornadoes and a decisive preference for ERKE as a
predictor of violent tornadoes because of the negative
lead times velocity gave for the Picdmont F4 tornado.
The poor performance of shear and ERP for providing
warnings of violent tornadoes—despite their very high
values of 1,—is caused by the appearance of maximum
values of these predictors in a tornadic vortex signature
(Brown et al. 1978), when the tornado i1s already on
the ground and it is too late for a warning. This 1s
partially the situation for velocity as well.

It is interesting to compare the totally vseless per-
formance of RKE with the outstanding predictive value
of ERKE. This condition is, at least partially, a resultant
of smaller mesocyclone radii in the most intense
storms. The mean radius of all observations in the two
violently tornadic storms is 2 km, but in the storms
with strong tornadoes it is 3 km, and in those without
tornadoes or only weak tornadoes it is 3.3 km. The
large radii contribute directly to higher RKE, but also
reduce the role of velocity in its contribution to ERKE.
It is fortunate, indeed, that ERKE reflects a mesocy-

Performance for 11 strong (F2 and F3) tornadoes

Number of Number of
tornadoes negative
Predictor [~ Storm errors missed lead times Mesn dead time
ERKE 3.02 IM 0 | 27 objective
(Sm=6,h=4) (27) (udjusted)
Velocity (P) 3.35 3FA 0 1 27
th=17) . 128)
RP 320 2FA 0 S 20
h=4) (23
ERP 1.50 IM 2z 1 12
(Sm=6.h=1) 1 FA (19
Time-Intcgrated 2.36 M 0 6 -3
(RP. h = 4) 1 FA W)
Shear (P) 1.47 IM 2 4 10
(h=4) )
RKE 1.81 aM 8 2 30
(h = 4) 2FA { 2%

’
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clone characteristic that anticipates the tornado process
so reliably in these early results.

5. Concluding remarks

Significant improvements in tornado-warning ca-
pability have been demonstrated by Doppler-radar
measurement of particular mesocyclone features in 17
mesocyclonic storms observed in Oklahoma. ERKE
predicted both of the two violent F4 tornadoes in our
sample, with adequate lead times and no falsc alarms.
Nearly perfect detection, also with adequate lead times,
was provided for the strong F2 and F3 tornadoes by
ERKE and by rotational velocity. Little or no skill was
achieved for identification of the so-called weak (FO
and F1) tornadoes.

Although our sample of storms is very small, the
successful predictors (ERKE and velocity) seem to be
statistically significant at or above a 99% level of con-
fidence, and offer reasonable promise that these pre-
dictors will be useful as an aid for warning of strong
and violent tornadoes in the large number of storms
that will be available for study after installation of the
NEXRAD radar network. These early results offer a
promising basis for the eventual development of an
automated technique for tornado warning. However,
the detailed treatment of the predictors may very likely
differ, especially regionally, from the particular forms
found to be most productive for this small sample of
Oklahoma storms.
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APPENDIX

Assessment of the Significance of Mean Differences
of Predictor Values

The significance of mean differences in tornado pre-
dictor values was tested by calculating the small-sample
variances, o2, larger than the normal population vari-
ance by a factor N/(N — 1), where N is the sample size.
We use the symbol ¢ for small-sample variance, m for
mean, and subscnipts 7, v, nv, and 0 to designate at-
tributes of all 17 mesocyclones, the two with violent
(F4) tornadoes, the six with nonviolent (FO to F3) tor-
nadoes, and the ninc without tornadoes, respectively.
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The statistic £, , based on the Student’s ¢ distribution,
for assessing the significance of the difference in means
of a predictor value for mesocyclones with nonviolent
tornadoes (m,,) and mesocyclones without tornadoes
(myo) is given by a standard formula:

v = (mnv - mO)(agw/Nnu + UOZ/NO)-HZ- (Al)

This gives credible results if we had been certain that
the two distributions are representative of the same
population. There is no way of knowing to what extent
or in which direction our very small sample is biased.
Therefore, very conservatively, we use equal values of..
variance, which we call 52, given by the larger of the
variances o2, and oo’ in (Al). Then, since N,,, = 6 and
Ny = 9, we can simplify (Al) to

tro = 1.9(M — mg)/ 0.

We find, in the Student’s table of ¢ values, under N,,
+ No — 2 = 13 degrees of freedom, that ¢t = 3.0l in-
dicates a probability of 0.01 that our sample-mean dif-
ference occurred by chance. Accordingly, we welcome
L. values in excess of 3 as significant at the 99% level
of confidence.

In order to test the significance of mean differences
in predictor values for the two mesocyclones with vi-
olent tornadoes (m, ) and all others, we considered that
a sample size of 2 is much too small for meaningful
treatment by (A1l). Instead, we chose a formula that
tests the significance of a deviation of a subsct mean
from the total mean that incorporates the subset. Using
subscript v for our subset and T for the total distri-
bution, this formula is expressed as

(A2)

t, = (m, — mpar ‘N1 — NyNp)'2. (A3)
With N, = 2 and Nr = 17, (A3) simplifies to
t, = 1.5(m, — mp)for. (A4)

For Ny — 2 = 15 degrees of freedom, the probability
of 0.01 for a chance difference of m, from m occurs
with £, = 2.95.
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COMPARISON OF ALGORITHMIC AND HANUAL PERFORMANCE OF TORNADO
PREDICTORS DERIVED FROM DOPPLER DATA

Ralph J. Donaldson, Jr.
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1. INTRODUCTION

Doppler radar, with its capability to
measure advancing and receding ajr motion,
provides a valuable source of information on
processes vithin convective storms.

Mesocyclones, a characteristic feature of many
severe thunderstorms, are readily detected by
Doppler radar, and their detection is an
important aid in tornado prediction. The early
investigations of Oklahoma thunderstorms by
Burgess (1976) indicated that roughly half of the
storms containing mesocyclones produce tornadoes.
This occurrence ratio vas confirmed later during
the Joint Doppler Operational Project (JDOP
Staff, 1979), vher- the tornadic storms provided
a mean lead time o. sbout 20 minutes from

confirmation o! a mesocyclone by Doppler radar to
tornado touchdown. .

Donaldson and Desrochers (1985) sought
further improvement in tornado prediction by
Doppler radar through their proposal of the
concept of excess rotational kinetic energy
(ERKE) of mesocyclone cores. ERKE is rotational
kinetic energy calculated after subtraction of
the product of core radius and a selected value
of shear from mesocyclone rotatjonal velocity.
The resultant diminished velocity can be regarded
8s excess to the minimum requirement for
maintenance of the mesocyclone. Desrochers et
al. (1986) used ERKE to correctly identify
tornado occurrence $n 9 of 10 mesocyclonic
storms. Recently Donaldson and Desrochers (1990)
examined 17 Oklahoma storms containing
mesocyclones; 8 of these produced tornadoes, 9
did not. They investigated ERKE and several
other candidate predictors of tornadoes, and
found that ERKE performed best, correctly
identifying 16 of the 17 storms, vith a wedian
lead time of 18 minutes to the first strong
tornado in s storm, and 28 minutes or mere for
the tvo violent tornadoes.

These results vere obtained by manual
fnspection of the mesocyclone features. Hovever,
e real-time automated technique is required for
practical forecasting purposes. Accordingly,
Desrochers (1990) has developed an improved
mesocyclone detection slgorithm, This algorithm
provides the information on mesocyclone
psremeters to a tornado probability slgorithm.
It is the purpose of this paper to evaluate the
sutometed technique and compare its results to
the older manual fnspection method.
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2. THE MESOCYCLONE ALGORITHM

Doppler radar can detect only the
component of motion directed along its beanm.
Haximum velocities of rotatjonal features, like
mesocyclones, are therefore sensed at only tvo
points by a single Doppler radar, and the shear
associated vith rotation is oriented In the
szimuthal direction. Mesocyclone algorithms
essentially detect and interpret azimuthal shear.

Vectors of azimuthal shear are detected by
the algorithm, assimilated into tvo-dimensional
features, and then associated vith features from
other elevations. The resulting
three-dimensional feature is evalvated for
classification as a mesocyclone. Rules for
mesocyclone classification vere proposed by
Donaldson (1970) and verified by Burgess (1976¢)

and the JDOP Staff (1979). Their important
characteristics are:

* Azimuthal shear of at least 0.005/s
betveen the peak relative incoming and
outgoing velocities.

s

The mesocyclone shear pattern, known as

a velocity couplet, extends vertically
at least 3 km.

* The feature persists for a time egual
to at least half 3ts rotation period.

In addition to the JDOP rules, the algorithm has
a simple shape criterion for identifying
couplets.

An important feature of the current
algorjthm §s the sbility to accurately determine
mesocyclone parameters such as size and
rotational velocity. Estimates of velocity, for
example, are derived from an average of selected
values that is veighted tovard the largest
values. A veighting function given by

V- vthro-h - qu - v-.-, m

is applied uniquely to each velocity that is
contained in the average. V_ = §s the maximum
observed incoming or outgoing velocity for a
feature. Vv, . is a velocity threshold that
varies betveen 5 and 25 m/s. Qualifying
velocities (V.) for inclusion in the average are
those values that are vithin V seesn O Voot
Vereoon 38 selected such that at Jeast 10 values




are fncluded for averaging. This minimizes the
impact of erroneous values that may occur, for
exsmple, during de-aliasing. The peak velocity
(V) is then given by

v -Z(w-v, )/Z(w) 2)

This process is performed separately for the
incoming end outgoing velocities. Velghting in
this manner essentially provides a numerical
approach to contouring. Azimuth and range are
obtained i{n & similar manner, based also on the
pesk velocities. For a more detailed discussion

of the algorithm the reader is referred to
Desrochers (1990).

3. TORNADO PREDICTORS

Foutr mesocyclone features (velocity,
shear, ERKE, and RP) vere selected as candidate
tornado predictors. Velocity (V) is the maximum
rotational speed of the mesocyclone core, and
shear is defined ss velocity divided by core
radius, r. The formulation for ERKE, vhich ve
Introduced in 1985, is

ERKE = p h n r’ (V-rs5_)?/4, (3)
vhere p is alr density, &h is an increment of
mesocyclone height, and S, is a selected
threshold value of mesocyclonic shear. The
predictor RP §s the product of shear (V/r) and
rotatfional kinetic energy, defined as

RP = p &h R r V'/4, (%)

V (m/s)

4 6

0 2

t (km)

Figure 1. Candidate tornado predictors portrayed
on the plane of mesocyclone core radius and
velocity, using mean values of the mature
mesocyclone of Burgess et al. (1982).
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These four candidate predictors sre
portrayed on Fig. 1, using values of velocity
(23.3 m/s) and radfus (2.75 km) found by Burgess
et al. (1982) for a typical mesocyclone core in
Jts strongest stage of development. The
direction of greater predictor value for each
curve §s tovards the top of the page. These
curves define the value of 1 CHM (climatological
mature mesocyclone), and all values of ERNE and
RP observed in a storm are expressed as @
fraction or a multiple of 1 CHM.

There vere 13 storms, 6 of them tornadic,
sujtable for analysis by algorithm. All storems
vere observed in Oklahoma during 1977, 1978, and
1981 by one or the other of the tvo NSSL 10-cm
Doppler radars. At each observational time, the
nev and {mproved mesocyclone algorithm calculated
the four predictors and found average values of
each one from ground level up to heights h « &,
5, 6, and 7 km above ground. 1In addition, for
the ERKE formulation, tvo values vere selected
for S : 0.005/s and 0.006/s. Thus a total of 20
time series of candidate predictors vas produced
for each of the 13 storms.

Previous experience by Desrochers et al.
(1986) had demonstrated the usefulness of
persistence of the predictor values as assurance
against acceptance of large spurfous errors that
almost alvays affect just one observational time.
Accordingly, persistent values of each of the 20
sets of predictors vere calculated for periods of
S and 10 minutes, by selecting the minimum
instantaneous value occurring during the S-minute
or 10-minute perfod preceding each observation,
interpolating vhere necessary. This exercise
Jeft us vith 40 time series for 13 storms.
Obviously some vinnoving vas the next order of
business.

4. SELECTION OF OPTIMUH PREDICTOR PARAMETERS

The optimum mix of parameters, comprising
averaging height, duration of required
persistence, and threshold mesocyclonic shear for
ERKE, vas determined by t-statistics, vhich
provided a wmeasure of the significance of mean
differences of the distributions. Tvo sets of
parsmeters vere selected for each predictor. One
set vas calculated es wmost significant for
discriminating strong and violent tornadic storms
(designated Intensity F2+ on the scale
established by Fujita, 1981) from storms of
lesser intensity. In this data set there vere no
tornadic storms containing only veak tornadoes of
fntensity FO snd Fl, so all storms of lesser
intensity than F2 in our group vere non-tornadic.
The other set of parameters for each predictor
vas chosen to best isolate the tvo storms vith
violent F4 tornadoes from all the other storms.

For each of the 40 sets of parameters, the
statistical procedure required calculation of
weans ® and small-sample standard deviations o
for maximue predictor values of the six tornadic
storms, the seven non-tornadic storms, and all 13
storms, designating these by subscripts F24, O,
and T (total), respectively. Also calculated vas
® ,» the mean of the maxirum predictor values for
tBe tvo storms vith violent tornadoes.

The statistic t , ., based on the student’s
t distribution, to determine the best parameter
set for predicting sll F2+ tournadoes, is given by
a standard formula:
!




Table 1:

Predictor

Optimum Parameter Mix and t-Statistic for

Prediction of F2+ and F4 Tornadoes

ERKE Velocity Shear RP
Parameters for S_-0.005/s
F2+ tornadoes he5 km he5 km he?7 km het km
S-min S-min 10-min 10-min
persistence persistence persistence persistence
LI 4.00 3.39 2.59 2.56
Parameters for S_=0.006/s
F4 tornadoes ha& km h=5 km h=6 km h=5 km
S5-min 10-min S-min S5-min
persistence persistence | persistence persistence
t,. 2.90 2.87 3.28 2.30

2 -0.

'720 - ("IZQ = li.)(o',‘/N * °:/No) : " 5
vhere N is the number of storms in each
distribution. Vith N .+ N - 2 « 11 degrees of
freedom, values of t § 3.11 {ndicate a
probability of <0.01 that the sample mean

difference §is a chance occurrence.

rle

The significance t,  of mean differences
in maximum predictor values for the two storms
vith violent tornadoes (m__.) and the others vas
evaluated by a formula that tests the
significance of a deviation of a subset mean from
the total mean that incorporates the subset:

e =, -m)o

NQ - N, /N0, 6)

vhich simplifies to LI for

- ].5L(m" - m,)/o
N, =2 and N, - 13. '

3

The results of these statistical analyses
sre given in Table 1. The table suggests that
ERKE is a stellar performer for identifying F2+
tornadoes, and shear looks like the best bet for
picking out storms vith F4 tornadoes. This

process has reduced our number of predic-or sets '

from 40 to 8. Further reductions should be
possible by examining the detailed tornado

forecasting results of these statistical
=urvivors.

5. TORNRADO PREDICTOR PERFORMANCE

Statistical analysis has narroved the
field of candidate predictors, but the acid test
is performance in providing acceptable lead times
for tornado varnings vith the sinimum number of
false alarms and fajlures to detect tornadoes.
The performance of the leading predictors for our
data set is 1llustrated clearly on Fig. 2 for F2«
tornadoes, and on Fig. 3 for F4 tornadoes. These
figures shov hov performance varies as a function
of the increase of predictor values during the
development of a mesocyclonic storm.

The ordinate of each figure is the lead
time from completion of the measurement of &
predictor value to the time of touchdovn of the
first tornsdo of a given Intensity in s storm.
On Fig. 2 the performance curves shov the median
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lead time for the 6 tornadic storms, rather than
mean vhich is biased on the high side by
extraordinarily long lead times in one storm. On
Fig. 3 the lead time is the lesser time achieved
by the tvo storms vith violent F4 tornadoes, and
thus is a conservative estimate of vhat can be
achleved. The linear ascending scale of lead
times on each diagram is related implicitly to
descending, non-linear progressions of predictor
values for the four predictors in each tornado
intensity category that survived the statistical
analysis. Thus maximum lead times are associated
vith minimum predictor values, and vice versa.

The abscissa on each diagram is a combined
error rate oving to false alarms and faflures to
detect. The false-alarm rate, for a given class
of tornado intensity and lead time, equals the
number of storms incorrectly identified as an
eventuval producer of one or more tornadoes of the
same or greater intensity, divided by the total
number of storms, 13 in this sample. The rate of
fallures of detection is the number of tornadoes
not detected in a given intensity class and at a
particular lead time, divided by the total number
of tornadoes in the class. There vere 13 F2+
tornadoes, including 2 F4 tornadoes, in the 6
tornadic storms. The tvo kinds of errors are
easily distinguished on these diagrams, because
false alarms decrease vith decreasing lead times,
os predictor values increase, but failures of
detection eventually increase as lead times
decrease.

All of the curves in Figs. 2 and 3
demonstrate appreciable forecasting skill above
and beyond the early findings of Burgess (1976)
and JDOP (1979) that approximately half of
detected mesocyclones will produce a tornado.
Hovever, ERKE is clearly the best predictor for
both intensity classes of tornadoes in the
critical region vhere false alarm rates are less
than 20X and no failures of detection are
tolerated. Shear shoved great promise in the
statistical analysis for identifying Fé4
tornadoes, but it tends to peak late in a storm’s
11fetime and therefore had negative lead times
for zero false alarms.




Median Lead Time (min)

Minimum Lead Time (min)

F2+ TORNRDO PREDICTION

.............................

.......
.....

RP
Shear

-------- Velocity

. JT ERKE
0.4 0.6

Combined Error Rate (FR + Miss)

F4 TORNADO PREDICTION

-------- Velocity
— ERKE

Combined Error Rate (FA + Miss)

Figures 2 & 3. Tornado prediction performance of the four candidate algorithmic predictors
for strong and violent tornadoes of intensity F2 or greater (Figure 2, sbove) and for
only the viplent F4 tornadoes (Figure 3, belov). Please yrefer to accompanying text for
e full explanation of results.
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Negative lead times are §ndicated clearly
on Fig. 3, because the minimum lead time for the
F4 tornadoes vas selected for portrayal there, in
the interest of escheving oversell. Hovever,
negative lead times are not at all obvious on
Fig. 2, so they vill be reported nov: Each of
the four predictors suffered one negative lead
time out of 13 F2+ tornadoes as the number of
false alarms decreased from 6 to 5. Vith the
increase of predictor values, false alarms
decrease but negative lead times increase. Tvo
negative lead times first appeared vhen shear
reached three false alarms, and vhen velocity and
RP reached tvo false alarms. The best performer
vas ERKE, vhich had tvo negative lead times vith
Just one false alarm. Ccunting negative lead
times as an error, the minimum number of errors
schieved by ERKE in predicting F2+ tornadoes vas
tvo, in contrast to a minimum of four errors by
the other three predictors.

6. COMPARISON OF ALGORITHHMIC AND HMANUAL
ANALYSIS

The 13 storms vere examined manually to
determine mesocyclone core features that could be
used for calculation of height-averaged and
persistent values of the four predictors: ERKE,
velocity, shear, and RP. Only the eight vinning
combinations of parameter values found previously
for the slgorithmic snalysis and listed in Table
1 vere calculated. A tornado prediction
performance analysis vas conducted for these
so-called manual predictors and compared vith the
corresponding tindings of the algorithmic
predictors as reported in Section 3.

The distributions of the values of the
manual predictors folloved the same trend as the
corresponding algorithmically-
generated distributions, but vith higher valves.
The algorithm averaging process described earlier
produced lover mesocyclone velocities but
somevhat larger core radii than those read
manuvally. Accordingly, differences vere greater
for shear (V/r) than for velocity, and vere least

for ERKE, vhich involves the product of velocity
and radjus.

Table 2:

The median lead times for the tvo analysis
modes are compared alongside one another in Table
2, vith the algorithm lead times enclosed in
parentheses. These are listed for both F2+« and
F4 tornado predictors at the operationally
significant false alarms of 3, 2, 1, and O out of
13 storms. It is easy to see that the
algorithmically-generated ERKE predictor is
superior for both tornado intensity classes,
especially at the level of zero or one false
alarm.

Some of the differences in lead time are
enormous between the manual and algorithmic
techniques for mesocyclone analysis. For
example, note the astounding difference for
prediction of F4 tornadoes by ERKE at the level
of zero false alarms. Ve cannot explain this,
but ve suspect that our very small sample size
could allov some surprises. Nevertheless, ve
feel confident that the mesocyclone algorithm as
developed by Desrochers (1990) provides reliable
dats leading to superior tornado prediction
performance.

7. CONCLUDING REMARKS

A small sample of 13 mesocyclonic storms
in Oklahoma furnished data for an investigation
of the possibility of generating reliable tornado
varnings by automated Doppler radar techniques.
The results shoved that a nev algorithm for
mesocyclone detection developed by Desrochers
(1990) provided greater lead times than manual
analysis for prediction of strong and violent
tornadoes of intensity F2 and greater. The
predictor that provided the longest varnings vith
fevest false alarms and negative lead times {s
excess rotational kinetic energy (ERKE).

Although this sample s minuscule, 2 statistical
analysis indicated that the difference in means
of ERKE measured in the tornadic and non-tornadic
storms vas significant at a level of confidence
vell in excess of 99X. 1t is therefore
reasonable to expect good performance by NEXRAD
radars in predicting strong and violent tornadoes
associated vith mesocyclones.

Median Lead Times in Minutes for Manual and (Algorithmic) Tornado Predictors

Predictor of False Alarm Ratio

F2+ Tornadoes: ! 3/13 2/13 1713 0
ERKE 28 (39) 28 (28) 28 (28) 16 (22)
Velocity 28 (42) 21 (35) 10 (1) 3 (-42)
Shear 25 (36) 16 (21) 16 (21) -13 (0)
RP 25 (36) 25 (36) 21 (1) 9 (-57)
Predictor of

F4 Tornadoes:

ERKE 58 (66) 22 (66) -7 (62) =27 (5%)
Velocity 73 (42) 73 (42) 25 (42) -17 (-6)
Shear 18 (38) 18 (38) 13 (38) =17 (-5)
RP 68 (B8) 58 (88) -7 (41) -7 (-22)
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SOME ASPECTS OF THE MESOCYCLONE RELATED TO HAIL FORMATION
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1. INTRODUCTION

The updraft §s an important element in
convective storms controlling the production of
large hail. Updraft speed (Brovning, 1963),
asreal extent (Nelson, 1983, Ziegler et sl.,
1983), and horjzontsl airflov relative to the
uvpdraft (Brovning and Foote, 1976) are seen to be
important characteristics contributing to the
grovth of large hail. Therefore, it vould appear
that if hail events are to be predicted, an
accurate description of the updraft region vithin
a storm is necessary.

The purpose of this paper §s to identify
sspects of the updraft that are useful for
predicting hail events. Because this vork is
oriented for resl-time operations ve examine
techniques applicable to analysis by
single-Doppler radar. Specifically, ve exantne
characteristics of the mesocyclone, a
manifestation of the updraft thet is rcndlly
detected by single-Doppler radar.

It is apparent that accurate prediction of
hail events vil)l require consideration of many
aspects of storm structure including microphysics
and kinematics. Hovever, §t is believed that
kinematics play a dominant role in the grovth of
Jarge hail (Knight and Knight, 1973) and
kinematie evaluation techniques, such as those to
be presented here, vill add to the capability of
existing techniques that evaluate hail likelihood
through interpreting a storm’s reflectivity
structure (e.g., Lemon, 1978).

2. HESOCYCLONE CHARACTERISTICS

The mesocyclone offers a unique viev of the

updraft from vhich a host of characteristics can
be derived. 1In this pasper ve examine three
sspects of the mesocyclone/updraft that are
considered to be physically related to hail
grovth: upper-level outflov, divergence
structure, and rotation.

2.1 Upper-Level Outflov

A promising technique for the prediction and
sizing of large hail using a single Doppler radar
vas developed by Vitt and Nelson (1984). They
examine tvo aspects of .the mesocyclone outflov
that sre related to updraft speed. These are the
velocity difference (8V) of the divergent flov at
10 kw and the divergence at 10 km multiplied by
fts ares) extent, & tere they call Bigh Radisl
Shear Area (HRSA). Among the 6 stores of their
study they find » nearly perfect correlation !
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betveen ocutflov strength and maximum hajl size.

The storms of their study vere sampled by
wultiple Doppler radars. HMesocyclone outflovs
are often asymmetric, and multiple perspectives
sre needed for accurste outflov estimates.
Accordingly, Vitt and Nelson report that the
correlation of hai) size vith outflov strength
decreases somevhat for single-Doppler
determinations. They point out, hovever, that
even vith outflov asymmetries it is still
possible to distinguish 2-4 cm hailers from 7-10
cm ones vith a single Doppler radar. Ve test
their findings further on a larger and more
diversified data set.

2.2 Divergence Structure

The dominant mechanisa for hail grovth is
considered to be the accretion of supercooled
cloud droplets (e.g., Rogers, 1979). A desirable
trajectory for grovth is one that keeps hail
enbryos and hailstones in the updraft for a long
period of time. Hail embryos that ascend in the
center of a strong updraft vill likely be lost to
the anvil.

Standard mesocyclone structure consists of
rotation and convergence at lover tropospheric
levels, changing to pure rotation in mid-levels,
changing again to divergence and rotation aloft,
and perhaps capped by pure divergence (Burgess et
al., 1982). This general structure contains
elements favorable to hail grovth. For example,
convergence at lov levels can serve to gradually
introduce hail embryos to greater updraft speeds.
Rotation at middle tropospheric levels may serve
to maintain groving hailstones vithin the updraft
vhere they can enjoy maximum grovth.

In an updraft, continuity requires adherence
to this standard mesocyclone structure; but one
can speculate that the heights vhere
convergence/divergence becomes significant may
vary from stors to storm. Ve vill examine the
divergence structure and evaluate the impact on
hail grovth.

2.3 Rotstion

Another aspect of the mesocyclone ve could
consider 1s rotation. Trajectory studles
indicate that significant overall hai) grovth
from ma to cm sizes occurs in the middle
tropasphere (e.g., Foote et al., 1982; Miller et
al., 198B). Since mesocyclones typically display
rotation at middle levels (Burgess et al., 1982)
it vould be interesting to see if rotation
differs awong hailers and nan-hailers.




Table 1. Data Set of Hesocyclones

Oklahoma maximum
mesocyclone date hail size
hda 4729718 10.0 cm
Ardmore 5713783 7.0
Binger 5/22/81 6.5
Clinton 5/22/81 5.0
Fort Cobd 5720777 5.0
Enid 5/26/817 4.5
Kingfisher 5713783 3.5
Healdtion 6/13/87 2.5
Sterling 5720777 2.5
Cordell 5722781 0
Del City 5720777 0
Foster 5/19/177 0
Konava 47297178 V]
Maysville 6/15/87 0
Pauls Valley 6/15/87 0
Sylvian 4729778 0
Vanoss 4729778 0

3. TEST CASES

This vork is supported by s data base that
contains a broad range of hail sizes. The data
set contains 17 Oklahoma mesocyclones (Table 1)
collected vith NSSL’s Norman or Cimmeron S-band
Doppler radars. These data vere analyzed
manually using only single-Doppler data. The
storms vere selected on the basis of perceived
hail reporting quality and radar observations to
a height of at least 10 km. Maximum hail sizes
range upvards to 10 cm. One useful aspect of the
data set is the group of 8 storms that have no
reported hail. They vill help to define the
mesocyclone characteristics unique to hailers.

The accuracy of hail size reports is an
important consideration in studies like this one.
The U.S. Department of Commerce publication Storm
Data is a general source for hail reports,
especially large hail. Another source is NSSL.
These tvo sources do not alvays agree. Hail
reports are sometimes incomplete and the accuracy
of sizes i1s sometimes questionable. For example,
in a ground survey NSSL found the maximum hail
size in the Ada storm to be 10 cm (JDOP Staff,
1979), but Storm Data reports s maximum size of
2.5 inches (6 cm). Vhen reports disagree ve use
the NSSL sizes.

All but one of the hail events, Clinton, ere
listed in Storm Data, and many of the events such
as Ada, Binger, Fort Cobb, and Sterling are
substantiated in literature or in the N3SL storm
summaries provided by chase teams. A hail report
of 5 cm stones for Clinton is found in the NSSL
archives, but no time is listed for the hail
event. Hail of baseball size is reported in
Storm Data for the Ardmore storm &nd is
interpreted to be 7-cm hail.

The greatest uncertainty in the data is vith
the storms that have no reports of hail. Hail
events can go undetected In the sparsely
populated areas that prevail in Oklehoma.
Hovever, Del City and Cordell, at least, vere
fairly vell observed and had no reported hail.

NSSL’s Volunteer Observer Netvork (VON),
comprised of selected and trained observers, is
considered to produce reliadble reports of even
small hafl (Nelson and Young, 1979).
Unfortunately, none of the supposed non-hajlers
occurred over the regfon vest of NSSL covered by
VON. The NOAA observer netvork, vhich covers the
rest of Oklahoma, is not as dense as VON. It is
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therefore quite possible that some storms vithout
hail reports did produce hail.

The data used in this study cover the
mesocyclone lifetimes in al) but a fev cases. 1In
Foster and Ardmore our data begins after the
mesocycl nes have formed. Data collection in
Foster began at the time of jts first tornado.

In Ardmore, our data begins after tvo hall events
have occurred. Therefore, the earliest event ve
can predict is the third.

4. ANALYSIS TECHNIQUES AND RESULTS

In this section ve examine the three
mesocyclone characteristics described in Section
2. Ve follov the lead of Vitt and Nelson (1984)
in first examining upper level outflov. Then ve
vill present formulations for rotation and
divergence structure.

4.1 VUpper-Level Outflov

The component of 8V associated vith
divergence in a mesocyclone (8 V) varies as a
function of the velocity couplet orientation

angle (8) orthogonal to the radar beam as shovn
in Fig. 1.

8,V = (V, - V,)sin(6) m

vhere V1 and Vi represent relative flov avay from
and tovard the radar, respectively. The standard
convention is that flov avay from the radar is
positive. In sitvations of pure divergence 6 =
90°. 1In solid body rotation © =« 0°.

Maximum values of 8V at 10 ka for each
storm, as examined by Vitt and Nelson (1984), are
shovn in Fig. 2a. Among the hajlers there
appears to be & linear relationship betveen 8V
and maximum hajlstone size. The slope of 4V

.

Figure 1) Single-Doppler velocity contours for
an idealized mesocyclone displaying a
combination of rotation and divergence.
Hesocyclone core diameter (D), measured
betveen the endpoints of maximum velocity,
and orfentation angle (8) are indicated.
Arrovs represent flov relative to the radar

vhich 1s located in the direction tovards the
bottom of the page.
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obtained from a least squares fit of the hatlers '
is shovn by the solid line, wvhich corresponds )
quite vell vith that of the Vitt and Nelson study
shovn by the dashed line.

There 15 a somevhat large deviation for each
hail size category that averages 32X of the total
8V range of the hailers. As explained by Vitt
and Nelson, some of this deviation can be
attributed to asymmetries in the outflov.

A significant departure from 8V sizing is
observed vith the non-hailers. The Del City and
Cordell storms, vhich ve sre most confident did
not produce large hajil, are indicated in the
figure by C end D, respectively. These storms
have outflov comparable even to the largest
hajl:-tone producers. This suggests that a strong
outflov (indicative of a strong updraft) may be a
necessary but not suffjcient condition for hail
formation.

Peaks in 8V tend to follov hail events by an
average of 20 min. for the S-cm snd greater
disneter hail. Hovever, magnitudes of 8V prior
to hailfall vill determine $ts varning
capability. Our evaluation approach is to adjust
thresholds such thet no severe hail events are
nissed. This is done at the expense of false
ala-ms. Ve therefore use the False Alarm Rate to
evaluate performance. The FAR is given by FAR =
FA/(B+FA), vhere FA (false slarmc) are non-events
tha' sre improperly identified, and B (hits) sre
the number of successf{ul discriminations for a
ssmple. FAR varies betveen O and 1, vith the
former being the desired score. &, V produced 2
FAR of 0.58 vhen the threshold is adjusted to 34
a/s to achieve positive lead tises for the 5-cm
and greater hail events. An sverage lead time of
18 min. is schieved.

Somevhat improved results are attalned vhen
av is sverasged vith time. Values vere
calculated for persistence periods of 5, i0, 15,
and 20 wmin. The method for determining
persistence values §is » conservative one; it is
the minimum value occurring over 8 prescribed
time perfod. For 8V the 10 min. persistence
perfod s found to be most effective (Fig 2b).
The S5-cm and gireater storms are forecast vith an
sverage lead time of 16 min. vith only tvo false
alarms (FAR = 0.29). Aversging over time reduces
the deviatfon in AV for esch hail size category
for the hailers, but does not reduce the relative
spread for the non-hajlers.

As $n Vitt and Nelson, wve {ind A,V and the
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a) instantaneous values of s, v.

b) 10 min. persistence values of V.

High Radial Shear Area (HRSA) to be comparable
hail indicators (not shown). Among the hallers,
outflov strength is effective for distinguishing
various sizes of large hail. Hovever, the
present findings also indicate that there is no
significant difference in the outflov magnitude
among hajlers and non-hallers. Outflov magnitude
appears not to be useful by itself.

4.2 Rotational Kinetic Energy

A good quantifier of rotation is rotational
kinetic energy (RKE). Donaldson and Desrochers
(1990) developed a variation of RKE that is
tailored for the magnitude of shear associated
vith mesocyclones. They call this parameter

Excess Rotational Kinetic Energy (ERKE) and
define it to be

ERKE « p n th r? (V-r S_)’/& (2)

vhere p is the air density, &h sn integration
thickness, r the mesocyclone core radius, V the
maximum tangential velocity, and S  an arbitrary
shear threshold (e.g., 0.005/s originally
suggested by Donaldson (1970) for mesocyclone
identification). Vhen S is set equal to zero,
ERKE becomes RKE.

Since hall grovth trajectories have a
vertical component ve examine three-dimensional
(3-D) ERKE, setting &h to some thickness. ERKE
is determined betveen elevations of 3 and 10 km
for &h of 4, 5, 6, and 7 km at all possidle
height combinations. S_ Is varjed betveen
0.005/s and O/s to test the dependence of hail
discrimination on rotational shear. The
importance of persistence is also examined vith
instantaneous, 5, 10, 15, and 20 ein. values
determined.

For comparative purposes, 3-D ERKE is
normalfzed wvith the ERKE of a typical mature
mesocyclone. Climatological valuves of
mesocyclone radius and tangential velocity at
selected elevatjons and during the different
stages of mesocyclone evolution are given in
Burgess et al. (1982). The ERKE associated vith
a8 climatological mature mesocyclone is assigned
the unit 1 CHM. Separate CHMH values are
calculated for each corresponding &h end S_.

The values at S_ of O. 005/s and O/s are shown
in Fig. 3. Ve tirst examine ERIE at the larger
s, (Fig. 3a). Shovn are the maximua 10 min.
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persistence values of ERKE Integrated from 5 to
10 km. Although there is a general increase of
ERKE from the smallest hail to the largest, the
variation in ERKE magnitude for hailstones
greater than 4 cm in diameter is consjderabdle.
This appears to make ERKE unsujtable as a size
jndicator. Donaldson and Desrochers (1990) find
3-D ERKE at the same shear threshold at lov- to
wid-tropospheric levels to be effective for
jdentifying tornado potential. In contrast to
vhat i{s found for tornado formation, the present
results suggest that rotational shear is not
§mportant for hail grovth.

Compared to ERKE, RKE displays a good deal of
skill for hail sizing. Fig. 3b shovs the maximum
10 min. persistence values of RKE integrated from
5 to 10 km, our best performer. For hail
dSameters of 4.5 cm or greater there is an
excellent linear relationship betveen maximum
hai)l size and RKE magnitude (correlation
coefficient « 0.98). The deviation per hail size
category is only 6% of the total RKE range of the
hailers.

In four of the six storms producing 4.5-cm or
larger diameter hail, RKE peaked prior to
hajlfall, suggesting that RKE is potentially
useful for hail prediction. RKE, at a threshold
of 0.4 CHM, predicts the 4.5-cm and greater hail
events vith an average lead time of 21 min. RKE,
hovever, is subject to false alarms (FAR « 0.45),

Miller et al. (1988) examined hail
trajectories of a supercell storm derived from
multiple Doppler snalysis. They found the
mesocyclone to be important for the production of
very large hail. Our results agree vith their
general findings. The strong correlation of RKE
vith hall size does indeed suggest a sizing
mechanism. Hovever, this relationship exists
only for very large hail. As ve also found vith
upper-level outflov (Section 4.1) the non-hailers
nust be fdentified before the sizing potential
offered by RKE can be realized.

One caveat of these results i{s that they
pertain only to the dominant mesocyclone cores.
The data base for this study vas compiled
manually, concentrating, for the most part, on
the primary mesocyclone cores. Many of the
mesocyclones had multiple cores and so the total
RKE of the updraft(s) §s not accounted for here.
The strong correlation of RKE vith hail size for
the 4.5-cm and greater hail does suggest,
hovever, that a storm’s largest hajl is strongly
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sssociated vith the primary updraft.

Although for most of the hajlers, the total
updraft RKE is not included in our statistics,
one interesting exception that deserves comment
is the Kingfisher mesocyclone. This mesocyclone
evolved through multiple primary cores during its
lifetime as is common (Burgess et al., 1982), but
betveen evolutions it often had only one large
jdentifiable core. In fact, the exceptionally
large RKE of this mesocyclone (> 4 CMM from 5-10
km shovn in Fig. 3b) is due to a very large core
that varied betveen 10 and 14 km in diameter
during the 20 min. prior to hajlfall. The storm
produced a 42 km long svath of golf ball sized
hajilstones. The abnormally large value of RKE of
the Kingfisher storm suggests that it may be
vorthvhile to consider the total updraft RKE in
hail production evaluations.

4.3 Divergence Profile

A simple evaluator of the mesocyclone
structure is the orientation angle (O) seen in
Fig. 1. The orientation angle gives an
indication of the relative strengths of rotation
and divergence. VUhen ©'w 45°, for example, the
components of velocity associated vith rotation
and divergence are equal. The change in the !
orientation angle vith height (4,0) provides a
simple kinematic picture of the updraft, a
divergence profile, that ve can use to assess
varjations among storms. Ve arbitrarily essign
the natural tendency tovards increasing relstive
divergence vith height as a positive orfentation
change. :

4,0 is calculated over the same values of
thickness and for the same persistence times as
ERKE (Section 4.2). Fig. &4 presents the
distribution for the 3-10 knm layer at 15 min.
persistence, the best performer.

4,0 1s seen to increase linearly vith
increasing maximum hailstone size. As vith the
other predictors examined, the distribution of
4,6 has a tail associated vith the non-hallers.
But in contrast to the other predictors, 46
fsolates the storms producing the largest hail.
A maxjmum 4 © of 40® §s found for the non-hailers
vhile 4 6 of storms producing 3-cm or greater
hailstones averages more than 60°.

In 3 of the 9 hajlstorms 4 6 peaked during
hailfall, but large values prior to the event
provide lead times and discrimination for size.




A threshold of 45° distinguishes the S-cm or
greater hall events. Lead times for these
average 13 min. vith no errors (FAR - O1)

Our 3.5-cm and greater events are also
forecast by §,6. These are defined by a A © of
sbout 35°. An average lead time of 15 min, is
echieved for these, although three false alarms
are produced (FAR « 0.30). The lirear
telationship of 4 © appears to apply also to the
2.5-cm events. For these, hovever, the magnitude
of 4,6 prior to the event are very small and
positive lead times are achieved at the expense
of numerous false alsrms.

It is appropriste to ask wvhat aspect of the
updraft is revealed by 4,6 15 provide the
successful discrimination ve see for the
producers of very large hail. There §s one
obvious possible ansver: the vertical divergence
structure that is revealed by 8. To {llustrate
this ve vill examine the orjentation angle (©) st
10 km. This is similar to the outflov (6.V) at
10 ks presented in Section 4.1, except that ©
gives an indication of the relative strengths of
divergence and rotatjon vithout regard to
sagnitude. In Fig. 5 ve present maximum values
of @ at 10 km for & 5 min. persistence time, the
sample time that produces the least false alarms.

As vith the 8,V distribution, for © ve see
that there is a linear relationship vith hatl
size. Among the hailers, ve {ind that those
producing the largest hail have the largest © and
therefore the largest component of divergence
relative to rotation. Hovever, as also seen vith
8V, ©at 10 kn does not distinguish the haflers
from the non-hailers.

These results suggest that both the magnitude
of the outflov, and the relative outflov
magnitude vith respect to rotation, represent a
potential in hail size that may or may not be
realized. It is spparently the divergence
structure, as indicated here by 8, that is a
strong factor in determining vhich storms vill
produce large hail.

There are & number of contrasts i{n the
divergence profiles among the storms that
produced very large hail (3.5-ca and greater
diameter) and the ones that vere less productive.
The very large hailers display a continuous
transition from convergence at lov levels to
divergence aloft. 1In many of the lesser storms
the transition to divergence is irregular.

All of the hajlers display a component of
convergence at lov levels (3 km), but for the
most part this is small, less than 10 degrees
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averaged over 15 min. Greater convergence is
observed at lover levels. Also, all of the
hailers have s signif{icant component of

This is not true
of the non-hallers.

5. DISCUSSION AND CONCLUSIONS

Ve bhave examined some aspects of the
mesocyclone to determine the usefulness for
predicting and sizing hail events, and for
distinguishing hailstorms from non-hailers.

Upper level outflov (8 V), rotational kinetic
energy (RKE), excess rotational kinetic energy
(ERKE) and the divergence profile (4 0) vere
examined. Vith the exception of ERKE, each
displays a linear relationship that varies vith
hail size among the hajlers, and each offers lead
times to hail events.

ERKE, a parameter that vorks vell for
identifying tornado potential, is found to be
useless for identifying hail events. Ve conclude
that the large shear associated vith many
tornadic mesocyclones is inconsequential to hail
grovth. In contrast, RKE delineates and
forevarns very large hajl events (diameters
greater than 4 cm). This suggests that updraft
rotation contributes to the grovth of very large
hail and agrees vith the tindings of Miller et
al. (1988).

An interesting aspect of the study is that it
includes cases vhere there vas no reported hail.
There §s uncertainty vhether hail actually fell
in some of these cases, but a fev of the
"non-haflers” vere vell cbserved. These cases
lead us to conclude that, except for very large
hail, it does not appear to be possible to
distinguish hallers from non-hailers vith
divergence or rotation. Other aspects of a storm
must be considered for general hail prediction.

The divergence protfile, 6, performed the
best of the parameters examined. It appears to
offer excellent discrimination capability for
very large hail (at least 5.cm diameter). Storms
containing hail of this size are jdentified vith
an average lead time of 13 min. and are
distinguished {rom all other storms including the
non-hallers.

Ve conclude that the successful
discrimination of hatlers and non-hallers has
rore to do vith the three-dimensional updraft
structure than vith actual ragnitudes of the




flov. Updraft magnitude, vhich is related to
outflov aloft, corresponds to a potential in hail
size. It appears, hovever, that the
three-dimensional flow structure must be in place
for this potential to be realized, at least fo:
very large hajl. A4 6, the divergence profile, is
a means for quantifying the three-dimensional
motion structure.
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ABSTRACT

The potential for singie-Doppler radar determination of wind ficld characteristics in cyclonic flow is examined.
The influence of the four independent first-order denivatives of a wind field, namely curvature, diffluence,
downwind shear, and crosswind shear, upon the Doppler radial velocities is studied. Simple models of wind
fields containing cach of the derivatives defiued in natura! coordinates are presented. When only one derivative
is present at a time, it has been found that there are unique signatures for diffluence and downwind shear and
qualitatively similar signatures for curvature and crosswind shear. With a model incorporating all four derivatives,
techniques are developed for the recovery of these derivatives. A method is also presented that corrects the
mean speed estimate. It is concluded that in most cases the recovery of the downwind shear, diffluence, the
sum of curvature and crosswind shear, and mean wind is possible to within 5 percent of the true values.

Application of these techniques to radar data collected from Hurricane Gloria is discussed. A storm strength
indicator based on shearing deformation and distance of cyclone center yielded signs of the declining trend of
the storm an hour or two before this trend manifested itself significantly in the wind speed as estimated by the
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Doppler radar, therefore suggesting potential as a forecast tool.

)

1. Introductio;n

Wind field analysis through use of a single-Doppler
radar was first suggested by Probert-Jones (1960). He
observed the component of motion of snow along his
radar beam at two different azimuth angles and de-
duced the wind speed and direction appropriate to both
azimuths. The Velocity Azimuth Display (VAD) scan
was offered by Lhermitte and Atlas (1961). Itis a simple
and efficient technique for systematic estimation of
wind speed and direction when suitably reflective wind
tracers surround the radar. In the VAD mode, the radar
antenna is set into a conical scan about a vertical axis,
at a fairly low elevation angle in order to prevent ex-
cessive contribution to the Doppler velocity measure-
ments by precipitation fall speeds. These measure-
ments, recorded at a particular range during a complete
360° scan in azimuth, provide information on the wind
field along the VAD scanning circle at a height given
by range and elevation angle.

Both Probert-Jones and Lhermitte and Atlas rec-
ognized the underlying assumption in their tcchniques
of a horizontally uniform wind vector throughout the
area of observation. Eventually the uniformity as-
sumption was replaced by a less restrictive assumption
of linearity. Browning and Wexler (1968) extended the
VAD technique to a consideration of nonuniform wind
fields that vary linearly in the horizontal plane. A linear
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wind field is also a necessary assumption in the gen-
eralized VVP method (Volume Velocity Processing)
developed by Waldteufel and Corbin (1979).

The assumption of linearity utilized in all of the
above estimation techniques tends to break down when
intense cyclonic storms such as hurricanes are consid-
ered. Observations of such storms by ground-based
Doppler radars are limited, but there are strong sug-
gestions of nonlinear effects (e.g., Donaldson et al.
1978). Passarelli (1983) explored the opportunities for
analysis by single-Doppler radar of nonlinear wind
fields. Inspired by his commentary, Donaldson and
Harris (1984) initiated a study to assess the effects of
variable wind curvature and linear wind field gradients
upon VAD patterns through simulations. Their results
were encouraging and provided the motivation for this
in-depth study to examine all four first-order derivatives
of the winds in cvclonic flow, with curvature inversely
proportional to distance from its center, and to develop
methods for recovery of these derivatives, whenever
possible,

2. First derivatives of the wind field

The analysis presented here considers first-order
spatial derivatives of wind velocity in a horizontal
plane. Because the focus of this study is upon cyclones,
wherein variable curvature is likely, the derivatives are
expressed most convenienily in natural coordinates re-
ferred to the streamlines. In the natural coordinate sys-
tem the s-axis is tangent to a streamline with s increas-
ing downwind, the n-axis ts normal to a streamline
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with n increasing to the lefl of the wind vector and V'
is wind speed at the origin of the natural coordinate
axes. A change in wind direction is denoted by the
angle ¢, which is positive toward the n-axis. Both speed
and direction r.ay vary along either of the coordinate
axes; thus there are tour independent first-order deniv-
atives: dV/ds (downwind shear), dV/dn (crosswind
shear), Vay/ds (curvature), and Vay/dn (diffluence).
It is well known (e.g., Petterssen 1956) that the kin-
ematic properties of'a wind field are given by sums and
differences of its first-order derivatives. Expressed in
natural coordinates, the kinematic properties are:

Divergence = gVjas + Vay/on (1)
Stretching Deformation = d¥/ds — Vay/dn  (2)
Shearing Deformation = Vay/ds + aVjin  (3)
Vorticity = Vay/ds — aV/an. (4)

The first three of these kinematic properties may be
calculated from the Doppler VAD patterns. Caton
(1963) showed that divergence is the net honizontal
outflow integrated throughout the radar scanning circle
divided by its radius. Browning and Wexler (1968)
showed how the two components of deformation can
be determined from the amplitude and phase of the
second-order Fourier harmonic of the Doppler VAD
pattern, assuming that the wind field derivatives can
be considered as constant throughout the radar scan-
ning circle,

Our examination of the wind field derivatives is in-
tended to provide an aid for diagnosis of hurricanes
and other intense cyclonic storms. Consequently, we
have expressed curvature as inversely proportional to
distance from a center of curvature, as a highly sim-
plified first approximation to flow around a cyclone.
Also, we have expressed diffluence as inversely pro-
portional to distance from a virtual streamline apex,
in order to preserve streamline continuity. We shall
test the range of applicability of the Browning and
Wexler technique in a wind field with curvature and
difiluence varying according to our simple model of
cyclonic flow.

It is convenient to reference the radar observations
of Doppler velocity, defined as the scalar component
of wind velocity along the radar beam, to a polar co-
ordinate system with origin at the radar, and position
defined by range r and azimuth angle «. Following
geographical convention, and postulating for the mo-
ment a mean westerly wind, we align the coordinate
system so that the wind across the radar site is moving
toward a = 90° and the orthogonal direction to the
left of the wind is @ = 0°. Stated in Cartesian coordi-
nates, these directions are along the x axis and y axis,
respectively. For the sake of simplicity we assume that
radar clevation angles and ventical motions are sulli-
ciently small so that their neglect introduces errors of
negligible importance in comparison with contribu-
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tions from other sources. An estimated correction for
contamination by vertical motions could be intro-
duced, if necessary.

Figure 1 depicts each of the first derivatives, com-
bined with uniform translation from left to right, in
the context of the radar scanning circle. The radius of
the radar scanning circle is r, and F and R represent
distances to the centers of diffluence and curvature,
respectively. Initially, we shall examine the Doppler
VAD patterns specific to each one of the wind fields
illustrated in Fig. 1. In later sections combinations of
the wind field derivatives and their resu'tant VAD pat-
terns will be studied, including the general case in which
all four derivatives are present.

a. Downwind shear

Figure 2 illustrates the geometry of the radar scan-
ning circle (dashed) of radius r observing a wind field
with both downwind and crosswind shear. The wind
speed at the radar site is V5. In the case of downwind
shear, the wind speed increases from a minimum of
Vo(1 — d) at distance r upwind from the radar to V(1
+ d) at distance r downwind from the radar. Accord-
ingly, the shear is Vyd/r. The dimensionless parameter
d is defined as the fractional increase in wind speed
from radar site downwind to the VAD scanning circle.

At any point on the radar scanning circle, this wind
field has a speed of

V(e) = Vo(1 + d sina) (5)

R

tafes
o

FiG. 1. Schematic depiction of the four first derivatives of the hor-
izontal wind field: (4} Ditlluence, (b) Curvature, (¢) Crosswind shear,
and (d) Downwind shear. Tach denvative is superimposed on a radar
scanning circle of rudius r. Arrows indicate wind vectors representing

the sum of a derivative and a constant translation toward the nght
of cach sketch. (From Ruggiero and Donaldson 1987).
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Fi1G. 2. Schematic depiction of Hnear wind ficdd model with ok
downwind and crosswind shear. Artows represent wind vectors,
dashed line is radar scanning circle of radius 7, with location on aircle
given by azimuth angle a. (From Donaldson and Harns 1984).

and a uniform direction toward « = 90°. Accordingly,
the Doppler velocity V), the coniponent of wind along
the radar beam, is

Vola) = V(a) sina = Vy(sina + Jdsina).  (6)

A visual examination of the VAD puttein readily re-

veals the presence of downwind shear by noting a.dif-
ference in magnitude of the maximum and minimum
values of Doppler velocity. These extrema ocour at a
= 90~ and 270°, respectively, for the simple case of
downwind shear expressed in Eq. (6), yielding a
straightforward method for evaluation of 4:

d = [Vp(max) + Vp(min)}/

(Vo(max) — Vp(min)i. (7)

b. Crosswind shear

The wind speed at any point on the radar scanning
circle for the case of purce crosswind shear, with uniform
wind direction toward o = 90°, is

a) == Fo(l + ¢ cosa). (5)

The shear towurd the left of the wind direction s
Vocir, where ¢ is the dimensionless parameter of cross-
wind shear and is defined as the tractional increise in
wind speed over a distance r normal aad to the left of
wind direction. Under these conditions the Doppler
velocity measured by the radar is

Vip(a) = V() sina

Fo(sina -+ ¢ st cosa). (9)

The most prominent citect of crosswind shear on a
visual display of the Doppler VAD pattern is a devia.
tion from diametric opposition of the locations of the
maximum and minimum Doppler velocities. Unfor-
tunately, the cause of this ctleet is not unigue, tecause
later discussion will demonstrate that a curved wind
ficld produces a pattern rather similar in appearance
Figure 3 illustrates this deviation, which s measured
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by the angle &, on the downwind side of the pattern,
and 8.0 0n the vpaiad side. (The e angles will be dis-
cansed later i the section on dinfluence.)

The § unples are uscful for an immediate visual rec-
ognttion of the presence of crosswind sheuar and/or cur-
viture. Alvo, in cases where data coveraye 15 not com-
pletesroun 1 e YAD circle but the d angles are clearly
displayed, ... ir magnitede provides a qualitative in-
dication of th: combined etlects of crosswind shear
and curvature. For example, if crosswind shear s the
only wind iiold Sinvarive, 6 = 64, and these angles
ey be deteranined by diferentiaton of (9) with respect
1o e o find the anvular locations of the Doppler veloaity
extrera, which huve s complementary relatonship o
the two identical § anples, This process yields

sind = [(1 -+ 8o — )4 (10)

and can alss be expressed more compactly as
¢ = sin5/coso. (1

Woie thst ¢ and § huve the same sign in (10) and (11),
and therefore the Doppler velocity extrema are dis-
placed toward the dircction of positive crosswind shear.

c. Ciarvature

Foliswing the discussion of Donaldson and Harns
{194}, we have assumed that curvature is inversely
_propartional to distance from a center of curvature
that has a fixed position relative to the radar location.
This assumption of variable curvature but fixed center
of curvature has twa distinct advantages: it provides a
simple depiction of wind field curvature around a cy-
clone, and it defines geometric relationships between
the wind ficld and the mdar scanning circle that enable
calculation of Doppler velocities by stratghtforward
trigonometric manipulation.
The peometry of a radar scanning a curved wind
field is portrayed in Fig. 4. (Ignore for the moment
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FIG. 4. Portrayal of geometric relationships required for specifi-
cation of curvature and diffluence and their Doppler velocities. [Jashed
line 1s radar scanning circle, with a as the azimuth angle of any
arbitrary point on ths circle. R und A, with inclusive angle 3, are
distances {rom center of wind field curvature to radar and to the
arbitrary point on the radar kanning circle, respectively, F and &,
with inclusive angle v, are distances [rom virtual streamline apex to
radar and to the same arbitrary point, respectively.

Jdistances F and k and angle v; these will enter our
discussion of diffluence in the next section.) The dis-
tance r is the radius of the radar scanning circle and R
is the distance from the radar to the center of curvature
of the wind field. The radar scanning angle « is oriented
so that the center of curvature is in the direction «a
= (0°..The wind direction at the radar site is toward o
= 90°, appropriate 10 cyclonic curvature in the North-
ern Hemisphere. The variable 4 is the distance from
center of curvature to any point on the radar scanning
circle. This point is also located by the angle 8 measured
from the line R joining the center of curvature and the
radar. The angle 8 is positive for the downwind semi-
circle, where 0° < « < 180°, Our analysis requires the
assumption that r < R, and this is easily granted because
r is under human control. The wind speed Vg 15 as-
sumed uniform.

The curved wind field can be expressed in Cartesian
coordinates as the vector sum of components u and v,
where u is directed along g = 90° and v along 8
= 180°. Inspection of Fig. 4 readily shows that u
= VycosBand v = VsinB. The radar can detect motion
only along its beam. Accordingly, at any location on
the radar scanning circle the Doppler velocity Vi is
given by wind components along the direction «.
Therefore,

Vp(a) = usina + v cosa

Vo(sina cosf + cosa sinf). (12)

Through trigonometric solution of the right triangle in
Fig. 4 that has A as hypotenuse and 8 as one of its
angles, and after some algebraic manipulation, we find
that i = Rp'”, so that (12) can be expressed simply as
a function of radar scanning angle « and a dimension-
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less parameter 7/R relating the radii of radar scanning
circle and curvature:

Vo(a) = p~"?V, sina, (13)

where p = 1 + (r/R)* = 2(r/R) cosa. Note that ¥, sina
in (13) is the VAD pattern of & uniform linear wind
directed toward a = 90°, so the factor p~ '/ is the mod-
ification of the VAD effected by curvature varying in-
versely with distance to the center of curvature.

The increment of direction per unit distance along
a streamline (&/0s) for a circularly curved wind ficld
is the inverse of the radius of curvature. Consequently,
the curvature term appearing in (3) and (4) 1s evaluated
in our model wind field as Vo/ht = Vy/Rp'? at any
point on the radar scanning circle. The curvature term
at the radar site, where 7 = 0 and p reduces to unity,
1s simply Vy/R.

The cifect of curvature on the Doppler VAD pattern
is qualitatively similar to the effect of crosswind shear:
the maximum and minimum Doppler velocities are
displaced toward the center of curvature. The effect is
illustrated by the & angles of Fig. 3. If curvature is the
only wind field derivative, the upwind and downwind
5 angles are equal and may be determined by differ-
entiation of (13) with respect to a. An alternate and
simpler method for calculation of 6 starts with the re-
flection that the extrema in the VAD pattern of a
curved wind field without speed gradients occur at the
two angles where the wind direction is aligned with the
radar beam. Therefore, the angular locations of the
extrema are obtained by setting Vp = =V, in (13) and
solving {or a. The solution is cosa = r/R, and since §
is complementary with the angular location of a max-
imum of minimum in the VAD pattern,

r/R = siné. (14)
d. Diffluence

Diffluence, like curvature, is characterized by non-
uniform wind direction. Unlike curvature, the diffluent
directional shift is along a line normal to a streamline.
Heretofore, the quantitative measurement of diffluence
by a single Doppler radar has not been considered ex-
plicitly, although Baynton et al. (1977) showed that the
presence of diffluence is very easily recognized in a
Doppler VAD pattern by an asymmetnic locus of zero-
Doppler velocity. Since the zero-Doppler locus indi-
cates wind directions normal to the radar beam, any
deviation of the two branches of this locus from op-
position at the same range reveals a cross-flow difler-
ence in wind direction at the corresponding height.

A field of constant translation with constant difilu-
ence as its only derivative does not appear to be a re-
alistic possibility within a horizontal plane. We were
not able to envision continuous streamlines through a
uniformly diffluent ficld unless the streamlines were
also curved, with curvature increasing with the cu-
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mulative effect of diffluence. Consequently, we have
sclected a diffluence model in which linear streamlines
radiate from a ficutious virtual streambine apex. The
diffluent wind vectors are sketched e Figo 100, o
geometrical relationships of the virtual streamiine oo
with the radar scanning circle are depicted in g+
The distance from streamline apex (o rudar iy F, an!
1o any point on the radar scanning circle is L T
angle between the #and A lines sy, considerad poative
in the counterclockwise direction. The coordinates, r
and « of the radar scanning circle are identics! o e
case for curvature, with coordinate axes aligned o that
wind direction at the radur site is toward «« = Y07,
An expression for a diffluent wind ficld and i
Doppler velocity measured by a mdar in VAD scanning
mode can be generated in a manner analogous 1o the
dervation employed in the previous section for our
curved wind field model. The variable ditiluent wind
ficld can be expressed in Cartesian coordinates s the
vector sum of components 1 and v, where s directed

along v = 0° and v along ¥ = 90°. In the abwnee of

shear the wind speed has a uniform vatue 17, and with
wind direction dependent only on ditluence, Fig
shows that ¥ = Vj cosy and v = ¥, siny. Since the
radar detects motion only along its beam, the Doppler
velocity Vp at any point on the radar scanning circle
1s given by wind components along the beam direction
a. Therefore,

Vp(a) = usinag + U Cose

it

Vo(sinee cosy + coso siny ). (09

1

Substitution for 4 in (15) may tx accomplisticd b
trigonometric solution of the nght triangle in iy, 4
that has k as hypotenuse and 4 as one of its anples. It
is helpful to eapress b - Fo' ,wluu ¢ (r/l )
+ 2(r/F) sina. By uicans of these manipulainoss, (175)
may be expressed as a tunction of radar wcanning any'c
a and a dimcenstonless pararneter /8 relatiiny b
of the radar scanning circle r to the distance F tiom
radar to the virtual streanmiline apex:

Fola) = ¢ Y1 (sina + /1), (1)

Note that (16) reduces 1o the VAD patiorn ol a unttorm
linear wind directed toward « = 90 when i infinitels
distant, indicating a condition of 7ero ifftucnce. Aba,
for a confluent, or nepatively ditfluent, wind Cold e
virtual streamline apex would be downvand o0 o th e
right of the radar in Fig. 4, and Feoel) be consider -
necti e

The difftuence term in £gs. (1) and (27, Fojn, mee
be evaluated in cither of two ways In our ditflaent
model wind ficld, diMlucnce is dependcat on®s ondi-
tance k from the virtual streambine ape Thincondition
requires that &)/dn be constant along any cun e nore
to a streamline. Therelore we can caaly intouate
from 0 to . The corresponding intepration 1 nin
circular arc length with angle ¢ and radive equat o

Arily O bEATO T e ot onyY Vorimte €

divtiece A on Fig. 4 trom any given point on the radar
seanming crrdke 1o the vitual stteamhbne apex. Accord-
the Gitiuence tenim as Voy /v ko= @ V8,
VIR S [ e AL U readuar site o oreduces o
cni e e nce weriooas somply U8
The othoer method for evaluating ditfluence s cal-
colation cfdiverpence - ader the condition of uniforn
wiind coced L whion requires 33738 = 0 Byl (1),
We con dothey by caloslating the net outtlow fiom a
ares ol width A with curved sides evenywhere
v the did Huent and ficld und subtending an
cur Jufluent wand held model we wet the
aecurved side as A and the othier (downwind)
sl et Ao A bt way we relate the caleulation of
; Sace 1o redar para muu\ becuuse A tenminates
atany urt m"xry paint on the rudar scanning circle. The
malow e ths curved ares is Vokyyy and outflow 1s V(&
v Ay, with no “'ov. ACT0SS Lhc narrow sides of width
Ly boause these srdes are entented Jlong the direction
(\[ s 1 he <1 i7s ot the area in quesuon s infinitesimally
g . Consequently the dncrbuue and
we, 15 [h,\r\ + .’.&s),, ~ VoA A.,,,, kv,

calculation,

The casily recopgnizable signature of ditfluence in the
Doppler VAD pattern 15 a departure from opposition
of the locus of zero Doppler velocity on cither side of
the mean wind vector, as illustrated in Fig. 3 by the
anples ¢ and ez. Subsenpts I and R denote the devia-
tuon trony nonine! to the mean wind on its left and right
sides. Ditflucnce 15 iadiczted by skcwmg upwind of the
rero Doppler Jodues, as depicted 1n Fig. 3. A skewing
dowawind of the 2ero Doppler locus would indicate
cantiueas:, 1y which case the € angles would be con-

iered mevnus o Yy our convention, In the absence of
ses are equa!, regardless of the
nicsence o abeerce o crnsswind and/for downwind

vl e e o o by

Lie e anples may v cotly evaluated by sobving .
(1o tor o, the zero-crossing angles of the radar scan.
Yor all valusy of (//F) <2 1, @ > 0 and the solution s
st v r/ - 0 From our detinttion of ¢ as pontruyed
e b 306 = —y, avd e =, . Consequently

e oo =i and
r/f = sine (\

a vseful refaticndhip for achieving u quick es-
: ol the sipn and mingnitede of ditiluence Nom o
Sl oxamination ot the ')n'vl\lcr YAD pattern, be-

e Daprier seloaty chimpees most rapidly with
S argne 4l i Zero Cros xmb On this account
thie cero cressing anple s least Likely to be atfected by

[ '

sl el perturbations an the waind teld.

1, Conbhination of curvaure aid crosswind shear

Dot e and Hano (1SS exanuned the ter-
et othonten ol enevature and crosswind shear,
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in which both derivatives are readily recognized by a
5 signature in the VAD pattern, as given by Eq. (10)
or (11), and (14), and both derivatives contribute to
the shearing deformation. This earlier analysis, with
slightly different notation, is reprdduced here. As in
the previous section, we postulate flow around a cy-
clone, with curvature varying inversely with distance
from the center of circulation.

In combination with curvature, the crosswind shear
has a variable direction because it is normal to the
curved streamlines and directed toward the center of
curvature. However, the wind vector and its Doppler
velocily may be defined through the geometry of Fig.
4. The wind speed at any point on the VAD circle is
a linear function of A = Rp'’?, the distance from center
of wind field curvature to an arbitrary location observed
by the rudar. The speed function may be determined
by assigning ¥V = V¥ at the radar and noting, through
Eq. (8), that ¥(h) = Vo(l + ¢) for « = 0°; and at this
poirfit on the radar scanning circle Fig. 4 shows that r
= R — h. Accordingly,

V(h) = Volt + c(R = hyin]
Volt +c(r/RY'(1 = o)) (18)

The direction of the wind field is identical to the case
of curvature without shear, so the Doppler velocity of
the curvature~crosswind shear combination is similar
to (13), but with V{h) substituted for V.

Vola) = p~' V5[l + ¢(r/R)7'(1 — p'*)] sina.  (19)

A remarkable simplification of (19) occurs in the
case of solid rotation, wherein rotational speed in-
creases linearly with distance from the center of cur-
vature. If the radar scanning circle is entirely within
the region of solid rotation (e.g., within the area
bounded by the eye wall of a hurricane), we may write
Vo/R = Vo(l + ¢)/(R — r), which reduces to

c(solid rotation) = —r/R.

(20)

Substitution of this relationship into (19) reduces its
bracketed factor 10 p'7, finally leaving Vp(a) = ¥, sina.
Within solid rotation, the effects on Doppler velocity
of curvature and crosswind shear cancel exactly, and
the resultant VAD pattern is identical to that observed
with pure translation.

Potential vortex flow, with wind speed inversely
proportional to distance from a cyclone center, is an-
other regime of special interest. This type of flow may
be a better approximation to a hurricane wind field,
beyond the radius of maximum wind speed, than is a
linear crosswind shear.

In potential vortex flow the product of wind spced
around a circulation center and distance from this cen-
ter is constant. Consulting Fig. 4, then, we see that the
wind speed at any point on the radar scanning circle
1s

) = VoRIh =Vp ', )
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where, as before, Vy is wind speed at the radar location.
The Doppler velocity, with wind field directior iden-
tical to the case of curvature, is given by (13) with wind
speed function (21) substituted for the constant speed
Vo of (13):

Vpla) = p~ ' ?Vyp™ "% sina = p~ 'V, sina. (22)

Differentiation of (22) with respect 10 « reveals, as ex-
pected, considerably greater deviation of the Doppler
velocity extrema from the mean wind vector, than in
the simple relationship (14) for curvature with uniform
wind speed:

sind = 2(r/R)/{} + (r/R)*). (23)
4. An approximation for the combination of all four
wind field derivatives

When both curvature and diffluence are present the
simple trigonometric relationships of Fig. 4 for either
curvature or diffluence alone are not valid. The lines
Fand R joining the radar location with virtual stream-
line apex and center of curvature, respectively, are no
longer straight, and the angles v and £§ are no longer
defined in terms of right triangles. Also, these two angles
are interdependent. An exact solution for the wind field
and its Doppler velocity could not be derived. There-
fore, approximations were sought relating g and ¥ to
radar parameters. By inductive reasoning, we proposed
that

sinf =~ (k= F)/h and siny ~ (R - h)/k (24)

would be reasonable approximations, retaining the def-
initions for 1 = Rp'"? and k = F¢'” used in the earlier
analysis of single derivatives, with p as before equal to
1 + (r/R)? — 2(r/R) cosa and ¢ = | + (r/F)* + 2(r/F)
X sina.

The approximations stated in (24) approach equality
as F » r (for sinB) and as R > r (for siny). Reference
to Fig. 4 shows that each approximation converges to
its exact independent form as the other term vanishes.
Thatis, (k — F) = rsincas ¥ —= o and (R — i) —
r cosa as R —» oo. At the approach of these limits, the
centers of rotation and diflluence are separated by 90°
as scen from the radar.

We propose now to use the approximations of (24)
to develop an expression for the VAD pattern when
all four wind ficld derivatives of our model are present.
We will then test the accuracy of the wind ficld deniv-
atives recoverable by Fourier analysis from this expres-
sion, and suggest a range of parameter values wherein
the Browning and Wexler technique can be used for
successful practical analysis of cyclonic wind ficlds that
may incorporate nonuniform derivatives.

The angles 8 and v indicate the changes in wind
direction owing to curvature and diffluence, respec-
tively. When both of these derivatives are present, but
with no shear, the Doppler velocity of the VAD pattern
is
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With neither curvature nor diffluence,
Fopla) = Vol + ccosal[l + 4 sina] sina. (32)

It is satisfying to note that (30) with d = 0 is identical
10 (19), which wasderived along an approach somewhat
ditferent from the reasoning behind (30).

The validity of the general approximation (29) may
be tested for any arbitrary combination of the dimen-
sionless parameters (¢, d, r/R, r/F) of the four wind
field derivatives (crosswind shear, downwind shear,
curvature, and diffluence). The method of testing first
requires synthesis of the Doppler velocity function
Vp(a) for a complete VAD circle by insertion of the
arbitrary parameter values in (29). The next step is a
Fourier analysis of the synthesized Vp(«) function, us-
ing the method developed by Browning and Wexler
(1968). The Fourier coefficients of zeroth, first, and
second order are ap, a; and b, and a, and b,, respec-
tively. In performing this analysis care is taken to assure
that the wind vector at the radar location is directed
toward e = 90°. With this precaution, b; estimates the
mean wind speed around the VAD scanning circle and
a, = 0 or very ncarly so. Divergence is given by aq/r,
stretching deformation by —2a, /r, and shearing defor-
mation by 2b,/r. (The negative sign for the coefficient
in stretching deformation is a result of our clockwise
rotation of radar scanning angle a.) We can now insert
these Founier estimates in the basic wind ficld rela-
tionships (1), (2), and (3), multinly all terms by r, and
divide all terms by ¥, using b, as an estimate for ¥,
10 obitain

ag/by = d+ r/F, 33)
—2a/b,=d—rfF, and (34)
2b2/by = r/R + c. (35)

The final step in testing is a companison of the left
sides of (33) 1o (35), obtained by Fourier analysis of
(29), with the appropnate combinations of the arbi-
trarily sclected true values of wind field parameters on
the nght sides. Results of testing over a wide universe
of parameter values (—0.1 <= ¢ < 0.4, -0.3 < d < 0.1,
—-0.1 < r/F < 0.3, and 0 < r/R =< 0.8) indicated ervors
of less than 5% for r/R = 0.6 or less and for r/f# and d
of opposite sign. Morcover, the validity of the approx-
imation (29) was verified, cven for r/R as large as 0.8,
by continuity of the calculated Fourier cocthicients b,
and b» for all concurrent valuces of r/F, including r/FF
= 0 for which an exact formulation (30) of Fpla) 1s
applicable. Consequently, we have demonstrated that
the technique of Browning and Wexler may be used
for suitably accurate kinematic analysis of the wind
ticld around a cyclone in which the magnitude of cur-
vature varies inversely with distance from the center
ol curvature,

Results from testing our model indicate that, when-
ever vanable curvature and/or vanable diffluence are
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present, the Founer coeflicients are underestimated.
These errors tend to cancel in the rauo of coethicients
on the left sides of (33) to (35). However, wind speed,
as estimated by b, may be greatly underestimated: by
20 percent or more, for example, with r/R = 0.8. On
the other hand, the mean magnitude of the two extrema
of Doppler velocity V,,, = [Vp(max) — Vp(min))/2
usually considerably overestimates wind speed in the
presence of vanable curvature and/or varable difflu-
ence. Consequently, it was found empincally that the
best estimate of wind speed is (5, V,,)""2. Within our
universe of parameter value calculations, (&, V..,)"* av-
eraged only 1% high, and all of the (b, V..)'/? values
were in error by less than 5%.

5. Application to hurricane diagnosis

The techniques developed in the foregoing discussion
are well adapted for estimation of the wind field deniv-
atives in hurncanes, and may aid in detection of
changes in hurricane intensity before evidence of such
trends becomes apparent through local wind speed
measurements. In application of this goal, the coor-
dinate axes are aligned with the observed wind direction
so that « = 90° is mean downwind, and the Fourier
harmonics are calculated and entered in (33), (34), and
(35). The sum and difference of (33) and (34) provide
Fourier estimates of the parameters of downwind shear
and diffluence. Accordingly,

d = (ap — 2a,)/2b,,
r/F = (ap + 2a,)/2b,.

(36)
(37

Care must be taken, of course, 1o minimize observa-
tional errors, following the recommendations of
Browning and Wexler (1968).

Unfortunately, there is no straightforward method
for apportionment of the parameters of curvature and
crosswind shear from their sum in (35). However, if
we make the simple assumption that curvature of the
wind ficld is inversely proportional to distance {rom 2a
circulation center (for example, a hurricane eye), and
if this distance R can be estimated reasonably well, we
can solve (35) for ¢, defined as the parameter of nor-
mative crosswind shear that is required under this as-
sumption as a contribution to the measured shearing
deformation. The distance R from radar to circulation
center is generally available for hurricanes, because the
eye locations of threatening hurricanes are usually
monitored at frequent intervals by aircraft and/or sat-
ellite. Therefore,

and

¢=2y/b, — r/R. (3%)

The normative crosswind shear is obtained by mul-
tiplying its paramcter in (38) by V5, the wind speed at
the radar, and dividing by r, the madius of the VAD
scanning circle. Accordingly, normative crosswind
shear s
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Ruggiero and Donaidson (1957) craamined the siendd
of wind ficld derivatives in Huriicans Glori duane i

1985 journcy across New Dnpland, using mcusan.-
ments recorded by the ACGL radar 20 Sudhar, bis
The radius of the VAD circle was 50 ko, winn elevation
angle 1.0° and herght above radar 200 m. Their mmost
interesting result, depicted in Fiy. S, was 4 conparnson
of normative crosswind shear w uh wind speed ot e
radar.

Before landfall of Huiricane Gloga e
reported vand speed was 65 m s and wernings weie
issued about the devastation that could te nthioedaf
winds of such speed reached hud, Fostunately,
hurricane had weakened by the tine of landisth I
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oircubaton and waind speed. The example of Hurricune

Glorta showed promise for forecasting the intensity of
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speed @t the radar more than 2 h later.
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torward proposition, and this question wos explored
in depth.

Simple models of cach wind field derivative in tum
were considered with a Doppler radar scanning in the
VAD mode inserted into the wind ficld, in order to
synthesize characteristic Doppler velocity functions of
radar scanning angle. The models for curvature and
diflluence do not have constant values throughout the
wind field. Instead, the curvature is defined to be a
vanable, an inverse function of distance from a cir-
culation center. A novel approach was used to model
ditfluence, by postulating a wvirtual (but fictitious)
streamline apex. The synthesized Doppler velocity
functions for each of the wind field derivatives reveal
unique signatures for ditfluence and downwind shear,
but qualitatively similar signatures for curvature and
crosswind shear.

For the natural, realistic situation wherein all four
of the modeled wind field denvatives are present, an
exact solution could not be found for the resultant
Doppler velocity functuion. However, a suitable ap-
proximation was derived that reduced to an exact so-
lution when either curvature or ditfluence, or both,
were eliminated. The validity of the approximation was
tested over a wide-ranging set of parameter values of
the four derivatives. For each set a Doppler velocity
function was synthesized and then analyzed for the
Fourier harmonics, which were then compared with
the appropriate sums and differences of the derivatives.
Results of the test showed that errors in recovery of
the wind field derivatives were less than 5% except for
unusuai cases with ditflucnce und downwind shear not
of opposite sign, or fairly high values of curvature for
which distance from radar to center of curvature is less
than twice the radius of the radar scanning circle. The
test also revealed a substantial underestimate of wind
speed by the magnitude of the first Fourier harmonic
whenever ditfluence and/or curvature were present.
However, the square root of the product of this first
harmonic and mean mugnitude of the Doppler velocity
extrema signiticantly reduced the error to a few percent.
Consequently, there is confidence in most cases for the
recovery from natural wind fields of downwind shear,
diffluence, and the sum of curvature and crosswind
shear, as well as wind speed.

A storm strength indicator (SSU), proposed earlier
by Ruggiero und Donuldson (1987), is suggested as a
sromising index for remote and carly detection of
rrends in hurricane intensity. In conditions suitable for
“ourier analysis of the VAD pattern, the SSI s given
sy the shearing deformution minus an estimated cur-
aature term that is inversely proportional to distance
rom raduar tp circulation center. During measurements
‘onducted in New Enpland in Hurricane Gloria (1985),
he SSI showed decay atter landfall of both circulation
ind wind speed toward the eye region an hour or two
wiore confirmation by other, more direct radar mea-
urements. This type of diagnosis, conducted at a radar
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located on a coast, should be helplul tn providing, ad-
vance warning of the threat by destructive offshore cy-
clones.
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1. INTRODUTLIO

The estimation bty <t
ments of hazarious wirdd W
sometimes offer intracteble di f‘1 Stizs. This
task can best be accomplishud if the hurricane eye
is within the first unambiguouz range interval
{typically 115 km for the NEXRAD radars) and there
is sufficient precipitation arcwsl the eye to pro-
vide tracers for the maximm velccities receding
and approaching the radar. 1f the eye is lacated
beyond the maximum unambiguous range it may be
inaccessible to velocity measurement beceauze it
could be masked by much greater returned power
from precipitation in the first trip, owing to the
great extent of hurricane rain bamis. If the
radar has PRF flexibility, this situation may be
alleviated somewhat by extending the maximum
unambiguous range interval as far as necessary to
include the Imrricane eye region, as suggested by
Harris et al. (1389). BEaynton {1979) reccumended
an unambiguous range interval of 300 km for hur-
ricane warnings. In an operational scenarto,
however, it is not clea: at this time whether
changing the PRF of the NEXRAD radars will be a
viable option. Also, at great ranges resolution
is impaired, and lower heights in the hutiticene
circulation are obstructed by the carth’s
curvature.

Regardless of the distance of the hurricanc eye,
it may be useful to acquire coustent-helght and
constant-resolution samples in a liwited srea of
the hurricane flow field from time to time,
Accordingly, a simple technique is suggested,
using the Browning and Wexler (1948) rourier
analysis scheme, to determine the extent to which
a Doppler VAD (velocity-Azimuth Display) pattern,
measured entirely outside the radius of maxinum
wind speeds, fits a potential-vortex flow tegime.
In such a regime, curvatire, 25 well as tangential
speed of the wind, is inverscly pcooonrtional to
distance froem a ciroulation censer.

Despite known and rU;}xL'cd doviations Lrwn cLrict
circulac symiztey, it nes beon crationally
useful to characterice the horizontzl flow 1a
mesocyclones as a Rankine combined woartes
et al., 1979), with an innet cnge sn Lolwd 1

tion surrtcunded by a potential-wveit, nnalos
merging at a distant outer tadius into the adient
environmental flow. As a working bypother:s, it
is postulated rthat the tonqgentas! wind field
around the most intense hurr:i~ane; i typlivwasn 1p
their most active stage ray alng b
by a Rankine combined voites. jr o4
postulated that the winds within :
provide adeyuately representativie vplen of the
considerably larger areal oxtent f e hrycane
citculation.

app -oxamated

\

il onay

i

Y, SIMELISTVS PORMULATION COF POTENTIAL-VORTEX FIT

Vouclorny 18 curveture minus crosswind shear
(considered to be positive toward the left of the
~ind vector). 1In the potential-vortex flow regime
vorticity is zero, because at any given point in
this regime the curvature and crosswind shear are
of the same magnitude and sign. The shearing
defonmation is equal to the sum of curvature and
crosswind shear, or to twice the curvature in
oatential-vortex flow wherein curvature and cross-
wird shear are equal. The shearing deformation in
cyclonic flow may be estimated with reasonable
accuracy, according to Donaldson and Harris
(1938}, by calculation of the second harmonic of
the Doppler radar VAD pattern, as proposed by
Browning and Wexler (1968). The first harmonic
gives wird speed, also to reasonable accuracy in
cyclonic flow. The curvature term may be esti-
mated by distance R from radar to circulation
center, given by outside information cn location
of the hurricane eye from aircraft, satellite, or
conventional radar.

initially we consider a simplified but unrealistic
cyclonic circulation that is exclusively tangen—
tial, with no radial component toward the circula-
tion center and no translational motion of the
citculation field. We shall calculate a ratio
hereby named Potential-vVortex Fit, or PVF, equal
to the quotient of calculated shearing deformation
divided by twice the estimated curvature term. If
we align the cocrdinate axes of the VAD circle of
tadius r such that a = 0* is the azimuth of the
circulation center at distance R from the radar,
with a increasing clockwise, then the tangential
wird at the radar site is directed along azimuth
a = 90", with no radial or translational wind
componerts, b (the first-order Fourier coeffi-
cient wirth arq\mnt sin «) is tangential wind
speed, ond b, (the second-order coefficient with
dlg";.‘m.‘ﬁt 5in l«) is half the shearing deformation
siltiplied by r. Consequently, shearing deforma-
tien is resculated to be 2b,/r, the curvature term
i ee*x .ated as b, /R, and we evaluate PVF as

{eb, 700 (b “R), or

BT e '!‘ 3’,'&:‘ r. (1)
Fociae of i o« L tigitcates that, within the VAD
Sominirig Legion, the wind field of the cyclone is
in a potential-vortex flow regime, and the tangen-
tial comgrrnent f wind speed is likely to double
at 110 the distance to circulation center.

Voelvee of PYF appreciably alove unity would be

aut oty and might indicate a local wind anomaly
with o e VA cyrcle, rather than a representa-
tooorao b ot the hurricane. A persistence check
mught i e key to discovering the size of the
an "}y as lt flows thioajh the area scanned by
the vaadar,

——ee -



On the other hand, persistent values of PVF appre-
ciably less than unity probably indicate decay of
the hurricane or cyclone circulation. With zero
crosswind shear but curvature still inversely
proportional to distance from circulation center,
the calculated value of PVF would be 0.5. There-
fore persistent values of PVF below 0.5 would
indicate diminished wind speeds toward the
hurricane center and/or breakdown of circulation.
Figure 1 depicts profiles of tangential wind speed
for several contrasting PVF values, assuming that
curvature remains inversely proportional to
distance from the circulation center.

3. A MORE R&LISTIC CALCULATION OF POTENTIAL
VORTEX FIT

In the real world hurricanes and other cyclones
generally move across the landscape (or seascape),
and their circulation normally is comprised of
radial as well as tangential components.
Potential-Vortex Fit is a concept applicable only
to tangential velocities, so the effects of trans-
lational and radial components must be removed
from the total win:l vector prio: to calculatlon of
PVF. I

The wind field neasured by t.he VAD technique is
resolved by Fourier analysis into a radial com-
ponent a; directed toward the circulation center
of the cyclone, and a tangential component b}
normal to a/. The primes indicate that coupments
of storm translational velocity vV, contribute to
the total wind, V_,-measured by radac. Figure 2
shows the relationship of these wind vectors and
their components. . The radial component a] is the
first-order Fourier coefficient with argment

cos a of the VAD function, with a = 0° toward the
circulation center and a increasing clockwise.
'rhe angles o and @, are the directions of V., and

e respectively, clockwise from a = 0°.

The tangential speed X ot the cyclone circula-
tion is the tangential component of measured
velocity minus this same compomrent of storm
translational velocity: :

b

Smularly. the tadial speed of the circulation is
given by: N

, =b/ -V, sing,. (2)

A
\ 4
) P~
he
@
- (o)
radial dist+ance —
Figure 1: Radiatl prwfiles of tangential wind

aeed {01 a range 0§ PVF valucs, assuming
inverse propontionality of curvature with
tradial distance. 85

a =al -V cosa,. (3)
Translational speed (V ) and direction (a ) are
estimated by motion of" the eye of the storm. The
magnitude (V ) and direction (a,) of the total
wind measured by radar are easily calculable from
al and by .

Do the translational and radial components affect
the shearing deformation of the tangential wind?
We think not. Storm translation is considered to
be uniform throughout the storm, and therefore has
no spatial derivative. On the other hand, a
radial velocity field accompanying a curved
tangential field is certainly deformed by its
confluent flow toward the circulation center,
combined with any change of speed toward the eye
wall. These derivatives of the radial field,
however, contribute to stretching deformation, and
have no effect on the tangential shearing
deformation.

Consequently, Potential-Vortex Fit, expressed in
directly observable terms in the presence of storm
translational motion, is:

PVF = bzlvr(b{ -V, sin a,). (4)
4. RESULTS FROM HURRICANE GLORIA (1985)

Hurricane Gloria was observed .for more than nine
hours on September 27, 1985 by the AFGL Doppler
radar located at Sudbury, Massachusetts. However,
there was sufficient precipitation around the
radar to enable high-quality VAD measurements for
only a little more than three hours. The best
data, with most complete coverage of the VAD
circle, were found at the lowest elevation angle
of 1.0°, and these were selected for calculation
of PVF. The VAD radius, r, was 40 km, assuring
freedom from contamination by ground clutter.

This radius at 1.0° elevation fixed the VAD circle
at a height of 900 m above sea level. The loca-
tion of the hurricane eye was monitored in real
time for most of the observational period, and its
position was refined by post-analysis. Storm
translational velocity was estimated by tracking
its center, which moved toward geographical
azimuth 011° to 024° at a speed of 18 to 14 m/s
during the VAD observational period.

‘ eye

B (x+0°)

Figute 2: Vectons contributing to radial and
tangential cemponents of cuclone circulation.
Sce text don discussiom.




The PVF calculations started at 1559 UTC, very
near the time of first landfall cf the circulation
center of Hurricane Gloria on the southern coast
of Long Island, at a distance of 261 km frem the
radar. At 1916 UTC, when the PVF calculaticns
terminated, the pressure center was 103 km dis-
tant, near Springfield, HMassachusetts. ‘The larg-
est calculated values of PVF wore 0.45, coserved
several minutes after seco:d landfall on the
Connecticut coast, and 0.44 at the tire of first
landfall. The lowest value of ~0.02 was observed
nearly three hours after first landfall. as the
tattered remains of Gloria’s eye was entering
central Massachusetts.

Individual observations may not be representative
samples of the hurricane structure,. because there
is always the likelihoced that particular uessure-

ments of shearing deformution and wind speed could

be contaminated by small-scale wind field
anomalies along the VAD scanning circle. However,
trends in PVF would certainly be revealed by
averaging over a persistence time sufficient for

1l-scale features to transit the VaD circle.
Accordingly, this persistence tire for the
hurricane Gloria observations is defined as the
diameter of the VAD circle (80 km) divided by
total wind speed at the radac (varying rom 31 to
37 m/s), ylelding 36 to 43 minutes. The
observations, then, zay be divided iato five
independent time psriods, with average values
listed in Table 1:

Time Period = R b, R
15591636 Uic 67?7—'_°“.Im7§“”—?3ffﬁ'
1643-1719 0.326 24.4 205
1727-1756 0.504 25.3 172
1803-1833 0.152 25.7 144
1840-19516 0.142 23.1 118

Table 1:  Average values, over indicated time
periods, of PVF, tangential speed (b ) and
distance from radar to circulation center (R) of
Hurricane Gloria (1985).

The trends of the tabulated values are depicted in
more detail in Fig. 3, which chows running means
of five consecutive observaticns (a period of 30
minutes) of PVF and tangential wind speed. It is
interesting to see that the peak “alue cf PVF
occurred about 40 minutes tefore tangential wind
speed reached its maximum,
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tacliec i b3 lifetime Hurcicane Gloria had been
considered an extvemely dangerous storm. A couple
- lays bafore landfall, when Gleria was still
¢r m tropical waters, its maximumm wind speed
e;:xrutoc to be 65 m/s. However, the

r2ne lost considecable enerqgy as it traversed
seeively cooler waters off the mid-Atlantic
peak gusts at Islip, Long Island, for .
examplc, were only 38 m/s. The remarkably low
values of PVF measured during the entire observa-
tional period are consistent with continued decay
nf circulation as Gloria moved overland.

ihe seril L persistent increase in tangential
ina spesd during the first two hours of observa-
as the hucricane approached, suggests a
sitive value of crosswind shear. If this
2, eangd if wind {ield curvature were still
y proportional to distance from radar to
hurricane center, the values of PVF during these
hours should be slightly greater than 0.5. How-
ever, all PVF values are notably less than 0.5,
indiceting a curvature function less than expected
frea ianverse proportionality. During the final
hoas tne vers low values (under 0.2) for PVF and
descvasing teangential speeds strongly suggest a
sarked breakdown in cyclonic circulation. This
suggescion was confirmed when the pressure center
of thz hurricane entered the unambiguous range
interval of the tadar at 1851 Urc, and the center
could be obseirved clearly. From this time onward
no vortex signature nor any other indication of
rotation was evident. Consequently, the observa-
tiens of PVF in Hurricane Gloria appear to be a §
reliable ivdicator of the later stages of its pro-
gressive structural breakdown following landfall.

5. SYSTEMATIC EXRORS ,

The coefricients and especiclly b, in the
Fourier analysis oflthe VAD pattern are generally
underestimated when the curvature of the wind
firld is invercely proportional to distance from a
circolation center. What helps to save the day is
the use of the ratio of b,/b in the expression

for ¥WF¥, so the resultant’error is not as serious
as the underestimate of b, alone. The error also
increases as r/R increases. For example, in a
wind field with an inversely proportional curva-
ture functicn but constant wind speed, b, /b, is
wnderesrimated by 20% for r/R = 1, by 10%° for /R
= 0.8, but only by 3.4% for r/R = 0.5. Observa-
ticns of vWF in Hurricane Gloria involved r/R
cotios from 6.1° to 0.37. The r/R ratio is under
central of the radar operator and seldom need be
greater than 0.5, so the error from this source is
qiits eccentahble,
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An additional error could arise if the solidly-
rotating hurricane core is much larger than
expected and part of the VAD scan crosses into
this region of diminished velocity. With r/R =
0.5 and a 90° sector of the VAD scan sampling the
core, the underestimate of b,/b, would range from
6% to 15%, depending on the velocity distribution
outside the core. Errors would be less with
smaller core-intersecting sectors and lower values
ot r/R. It may be difficult to determine whether
the VAD circle and hurricane core of solid rota-
tion intersect. However, if a 90° sector of the
VAD circle intersects the hurricane core with r/R
= 0.5, the core radius would need to be 1.5r.

This is not expected to occur frequently with the
usval values selected for r, such as 40 km for the
observation of Hurricane Gloria.

Location of the hurricane circulation center may
be troublesome, especially during the decaying
stages. Uncertainty in eye position will
contribute an unknown error to storm translational
speed (V,) and direction (« ) as well as distance
(R) from radar to the circulation center. . Another
unknown error may arise from asymmetries in the
circulation pattern. Finally, the small size of
the VAD scanning circle relative to the total area
of the hurricane raises the question of
representativeness of the PVF calculations. This
technique provided a useful diagnosis of Hurricane
Gloria during the decay of its circulation, but
confidence in PVF will require successful
diagnosis of many more storms.

6. RELATIONSHIP OF PVF TO STORM STRENGTH INDEX

Ruggiero and Donaldson {1987) proposed a storm
strength index, or SSI, as a diagnostic tool for
estimating hurricane intensity, using radar data
remote from the hurricane eye. In its quantita-
tive form, the SSI is evaluated by subtraction of
the estimated curvature term (under the assumption
that curvature varies inversely with distance R
from hurricane center), from shearing deformation
calculated around a VAD circle of radius r.
Accordingly,

§SI = 2b,/r - b, /R. (5)

The dimension of SSI is in s~', and can be regard-
ed as 3 normative crosswind shear that would be
tequired as a contribution to the observed shear-
ing deformation in a storm with approximately
circular streamlines around its center. The same
calculations and assumption are used to formulate
SS1 and PVF, and so these two indices are related.

Multiplication of SSI by r/b, yields a dimension-
less parameter of normative crosswind shear,
designated as ¢ by Donaldson and Harris (1988):
¢ = 2b,/b - /R (6)

Manipulation of equations (1) and (6) leads to an
expression relating ¢ to PVF:

C = (t/R}{2PVF - 1). (7)
This can also be stated independently of the
estimated curvature if the first- and second-
order Fourier coefficients are involved:

& = (b,/b (2 - 1/PVF). (8)
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Thus, for PVF = 1, as in a regime of potential-
vortex flow, ¢ = r/R and also ¢ = b,/b, . At the
other extreme, in solid rotation c = -r/R,
resulting in PVF = 0, which also requires zero
shearing deformation. In the interesting case of
PVF = 0.5, ¢ = 0 = SSI; and from equation (5)
this condition requires equality of shearing
deformation with estimated curvature.

Both these two indices, PVF and ¢, would seem to
be useful for assessment of hurricanes and large
circularly-confiqured cyclones, especially when
the eye region is beyond the first Doppler trip.
The ratio FVF estimates the approach to Rankine
normality of the cyclone circulation, as sampled
throughout the circumference of the VAD scan. It
can be regarded as an indicator of circulation
vitality. The parameter ¢, for a given PVF, will
vary inversely with R (see equation 7) and on
this account is not as representative as PVF
throughout the cyclone. However, SSI = ¢b, /r is
a convenient index for direct estimation of wind
speeds toward the cyclone center, provided the
assumed curvature function seems reasonable.
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Hurricane Monitoring with Doppler Radar: A Simulation~®

F. lan Harris, Donald J. Hamann and Ralph J. Donaldson, Jr.

ST Systems Corporation (STX)
109 Massachusetts Ave.

Lexington,

1.0 INTRODUCTION

With the imminent deployment of the
NEXRAD network, the potential for rou-
tinely observing synoptic scale storms
with Doppler radar is soon to be reali-
zed. Some of these large scale storams
can have devastating wind conditions re-
sulting in loss of 1life and property.
Atlantic hurricanes, Pacific typhoons,
and intense winter oceanic cyclones are
notable examples of this type of storm.
However, to date, observations of hurri-
canes and other large systems by ground-
based Doppler radar have been extremely
limited, making any useful algorithm de-
velopment difficult and subsequent veri-
fication virtually impossible.

on September 27, 1985, data were
collected from Hurricane Gloria by the
Air Force Geophysics Laboratory Doppler
radar located in Sudbury, MA. Analysis
of these data has resulted in the devel-
opment of techniques to assess the char-
acteristics of these storms (Donaldson
and Harris, 1988; Donaldson and Ruggiero,
1986; Ruggiero and Donaldson, 19887). At
the time of first observation Gloria was
dying, having Jjust entered the south
coast of Long Island. As a result, this
data set is very limited and any analysis
techniques developed from this storm must
undergo much further testing to assess
generality of the results.

Because of the lack of good observa-
tions from which to develop and test hur-
ricane diagnostic algorithms, Wood and
Brown (1987) of the National Severe
Storms Laboratory constructed synthetic
wind fields derived from an analytical
model based somewhat on aircraft and land
- based conventional radar observations.
They have further taken these wind fields
and derived Doppler radar radial velocity
fields. We have acquired both the syn-
thetic wind fields and the derived Dop-
Fler fields for this study.

* This work was supported under AFGL
Contract No.F19628-87-C-~9124.
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The beauty of using synthetic data is
the ability to test sensitivity of re-
sults to a variety of storm and sampling
parameters. We are able to move the
storm around the radar, place it at far
and near ranges, and adjust such radar
sampling parameters as pulse repetition
frequency (PRF) and azimuthal and radial
data resolution. The disadvantage 1is
that we are not dealing with real data
with all the inherent problems associated
with uncertainty of estimates, the in-
fluence of ground. clutter, the presence
of smaller scale but real perturbations,
the effects of sidelobes, etc. While
these introduce complicating factors,
there is still a value to perforaing
evaluations in a controlled environment.
If techniques do not work under these
artificial conditions, they will never
work in the real world.

In this paper, we establish the
methodology for the use of synthetic
data as an evaluation tool. Initial
evaluations of some of the parameters
derived from earlier studies of Hurricane.
Cloria will be discussed. However, the
scope of this paper must be considered as
preliminary at the time of this writing.

2.0 DIAGNOSTIC PARAMETERS

From the Hurricane Gloria studies,
several useful parameters describing the
wind field were derived, all based on
detailed analyses of the Velocity Azimuth
Display (VAD) of the data. From these
wind field derivatives, three storn
behavior indicators have been derived
{(Donaldson and Harris, 1984; Ruggiero and
Donaldson, 1987; and Donaldson, 1989).
Table I lists these parameters and their
definitions. Table II defines terms, and
their definitions, used in Table I. The
parameters ao, a., az, by, and bz are the
coefficients of the Fourier components
contained in the expression:

V- = ao + ajcos{ 6) + bysin( ©)
+ 22c0s(20) + bagin(26) (1)

where V., is Doppler radial velocity and ©




TABLE 1

windfield Derivatives and Storm Behavior
Indicators Calculable from Single Doppler
Radar Data.

PARAMETER SYMBOL FORMULATION

windfield Derivatives

Normative cross- Se 2b=/r-b,s /R

wind shear
Dounwind shear So (ao-2a=)/2r
Diffluence D (ao+2a=)/2r

Storm Behavior Indicators

Cyclonic Intensity CII sin(&) Vo/r

Indicator

Storm Strength ss1 2ba/r-b, /R
Indicator

Potential Vortex PVF bzR/r
Fit bi'-Vesin(as)

is azimuth angle measured clockwise from
some reference direction, taken to be
along the 1line “from the radar to the

center of the stérm. ., This angle results
in ajs bei..g an estimate of the radial
component and bs, the tangential

component of the wind.

The wind field derivatives in Table I
differ from the terms wusually used to
describe wind fields, namely divergence,
shearing and stretching deformation, and
vorticity. However, this derivative set
and that in Table 1 are related. Dowun-
wind shear (Sp) and diffluence (D) are
calculated fror sums and differences of
divergence (ao/r) and stretching
deformation (~-2az/r). Curvature and
crosswind shear are similarly related to
shearing deformation (2bz/r) and vor-
ticity (incalculable from VAD analysis).
Consequently calculations of downwind
shear and diffluence are straightforward,
as expressed in Table I, while that of
crosswind shear is not. However, this
latter term can be estimated as a
normative value by adopting a reasonable
assumption of inverse proportionality for
curvature «(bi/R) and subtracting this
from shearing deformation. This results
in the estimate of crosswind shear, Sc,
as given 1in Table I, which 1is alsco
identical to SSI, the Storm Strength
Indicator proposed by Ruggiero and
Doraldson (1987). The by’ term in the
PVF definition refers to the estimate of
b, in the presence of a stornm
translational velocity. See Donaldson
(1989) for further discussion.

Computations are made by first taking
a set of radial velocities around a 360°
circle and performing a fit in a
least-squares sense of Eqn. 1 to them.
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Table 11

Definitions of Terms Used in Table I.

PARAMETER DEFINITION
do,bs .etc Coefficients from Egqn 1.
r Radius of the VAD circle
R Distance from radar to center

of ~urvature (storm center)

b The mean angular deviation of
the maximum and minimum Dop-
pler velocities from diametric

opposition
Ven (Venax = Vasn)/2
Vo (DaVa)27=
Ve Storm advection speed
%= Storm advection direction

From the coefficients for this least-
squares curve and the parameters in Table
II, the derivatives and indicators listed
in Table I are then computed.

3.0 MODEL DATA

The Wood and Broun (1987) mnodel,
herein to be referred to as the WB model,
is a simple, quasi-axisymmetric circula-
tion occupying a domain extending in the
vertical from the surface to a height of
14 km and in the horizontal 300 km in
both directions. Both velocity and re-
flectivity factor fields are specified by
the WB model, although the latter has not
yet been used in this study. The storm
is moving northward at 5 wm/s and has a
ring of maximum winds about 28 km from
the storm center, with the strongest

winds (about 55 m/s) located 4in the for- -

ward right quadrant. This ring slopes
outward in the vertical and has an asso-
ciated zone of convergence in the low le-
vels and a divergence region aloft, along
with an updraft core “‘hroughout the depth
of the storm. The velocity structure in
the horizontal is very wmuch like a Ran-
kine - combined vortex, a common velocity
model for mesocyclones in severe thunder-
storms. Of course, the hurricane circu-
lation is on a much larger scale than
that of the mesocyclone.

4.0 ANALYSIS PROCEDURES

For this study, ve have made our own
calculations of Doppler radial velocity
as a function of range from the radar and
azimuth and elevation angle of the beam.
The starting fields are the output Carte-
sian velocity component fields from the
WB model. This allows us versatility in
terns of placement of the storm relative
to the radar and in the specification of
the radar sampling parameters. Only one
storn "“snapshot” was used for this study.
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FIG.1 Plot of GUndfheld 2ﬁr1vatxves (5%, So, and

D) agaxnst r/R. r = Ordinate unit$ are
107" s for Se and D and 107 s~ for & .

Oonce -‘the Doppler radial velocity
fields are obtained, 1least-squares fits
of EQqn 1 to the data are calculated at
selected ranges. The Fourier coeffi-
cients are computed relative to the
radar-storm axis line and then used to
evaluate the parameters in Table I.

5.0 EFFECTS OF STORM LOCATION
S.I.Range Dependency

The storm was moved from south to

- . north toward the radar in 10 km intervals

: with the radius r of the VAD circle fixed
at 30 km. The wind field derivatives
- (Se, So and D) are plotted in Fig. 1
. .versus the normalized range r/R. All
considerable
dependency upon r/R. At r/R = 1 the
radar is scanning through the center or
eye of the storm and as the ratio
decreases, the scan circle recedes from
that center. There are two extreme
points in the Sy and D curves: one at r/R

. of about 0.5 and one at about 0.6. It

should be noted that the locations of
these extrema cannot be considered to be
precise in light of the coarseness of the
r/R resolution used. However, the first
extreme appears to correspond quite
closely to the radius of maximum winds
that occur around the storm eye. Outside
of this radius (i.e. for r/R ¢ 0.5), both
of the shears and the diffluence decrease
as r/R decreases toward the value of
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FIG.2 Plot of Storm Behavior Indxcators (ClI,
SSI, and PVF) nga;nst r/R. Units of left
ordinate are 10-* 595 CII and SSI and of
right ordinate, unity {or

0.25, the minimum used in these
calculations. For measurements collected
within the hurricane periphery, we would
expect the shears and diffluence to con-
tinue to approach zero with further re-
duction of r/R. On the other hand, with-
in the radius of maximum wind (r/R » 0.S)
the expected behavior of these curves is
harder to assess and explanations await
further analysis.

In the plot of the storm behavior
indicators in Fig. 2 we see less varia-
biity than in the windfield derivatives
of Fig. 1. For r/R ¢ 0.5, PVF values are
virtually invariant from 1, indicating
perfect potential vor- tex flow. That we
get such a value should not be surprising
since the WB model has been designed such
that this portion of the field resembles
potential vortex flow. The SSI and CI1
each have a maximum at about r/R = 0.6,
corresponding to the inner extrema seen
in the curves of Fig. 1.

Some care nust be taken at this point
against placing too much emphasis on the
significance of r/R of 0.5 and 0.6. 1If’
the first ratio is tied to the diameter
of the ring of maximum winds, as is sug-
gested above, then one might expect that
if the ring diameter changes so would the
r/R value for the peaks. However, this
requires further investigation.
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FIG.4 Plot of Storm Behavior Indicators against
Compass Points. Units of ordinates as in Fig. 2.
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TABLE III

Long Range Computations.

Locations and magnitudes

of detacted velocity extrenma

and detected diameter of ring of maximum wInds. Elevation angle = 0.5°, pata
resolution: range - <50 m; azimuth - 0.5°,
Vm.— Vhlﬂ

R Magnitude Azimuth Magnitude Azimuth Range Height Diameter

{km) (m/s) (deg) (m/s) (deg) _(km) (km) (km)

250 41.°5 187.0 -41.6 173.0 243.9 5.6 59.4

300 38.7 186.0 -39.0 174.0 289.4 7.5 60.5

350 31.2 185.5 -31.5 174.5 339.8 9.8 65.1

400 14.5 184.5 -19.8 175.5 383.0 12.0 606.1

S.2 Angular Dependency high in the storm that it is above the
more active portion of the circulation.

In this study, the storm was moved

around the radar, maintaining R = 75 km.
All analyses were performed at a VAD
radius of r = 30 km, yielding r/R = 0.40,
outside the ring of maximum winds. In
Fig. 3 the windfield derivatives are
plotted as a function of direction ex-
pressed as compass points. The curve for
downwind shear (Spo) is the most vari-
able of these parameters and appears to
reflect the fact that the velocity field
is not totally symmetric, but is at least
symmetric about a WNW - ESE line. Both
diffluence and normative crosswind shear
are less directionally dependent.

The three storm . behavior indicators
plotted in Fig. 4 do not demonstrate a
strong viewing angle dependency. This is
particularly true of PVF. It remains
relatively invariant at a value of 1.0 ¢+
0.01. This lack of viewing angle depen-
dency will make these parameters much

easier to interpret in terms of stornm
behavior. However, care must be taken in
extrapolating these results to real

situations where the storms may not be as
symmetric.

6.0 IMPLICATIONS OF LONG RANGE VIEWING

With hurricanes it would be highly
desirable to be able to make mgasurements
when the storm is still at relatively far
range. There are several factors that
must be considered when assessing the
utility of Doppler radar for such a task.
These include:

. Compromises in range and velocity
aliasing

. Beam filtering

* Azimuthal resolution

‘ Beam height versus storm height

We have made c¢nly & very preliminary
eyaniration of some ¢f thece factcers. In
particular, we assume that we have a very

long wavelength and low PRF radar that
has rnc problems with range and velocity
aliazing. The storm is then moved out-

ward frcm the radar to distances from 250
te 400 km and the peak velocities and
thair locations are examined (Table III).
From these data, it would appear that the

radar cguld detect tha core couplet to
350 km. Beyond that range, problenms
arise primarily because the beanm is so
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' ters has been presented.

Beam filtering causes the under-
estimation of the amplitudes of pertur-
bations with scales comparable to and
less than the beam dimensions. At the
ranges considered here, the ratio of the
diameter of a. 1° beam to the radius of
the hurricane ring of maximum winds is at
most 0.2. For that ratio, Brown and
(1976) indicate about a 5%
underestimate of the peak velocities,
quite tolerable for most situations.

7.0 CONCLUSIONS
A preliminary study of the effec-

tiveness of hurricane monitoring parame-~
From the re-

""‘sylts to date it would appear that the

" windfield.

(diffluence and
may hold

derivatives
downwind and crosswind shear)

- 'clues to the internal wind structure of

‘. the stornm.

" dered very preliminary,

On the other hand, of storm
behavior indicators, the PVF is the least

‘sensitive to storm viewing angle and to

distance between storm and radar. The
sensitivity of the CII and SSI to range
but not viewing angle suggest that they
may have some use in characterizing the
nature of the profiles within hurricanes.

'However, it must be emphasized that any
conclusions stated here mwmust be consi- .

subject to fur-
ther testing and rumination. Quite ob-
viously, there is still much to be done
in utilizing synthetic data to evaluate
hurricane diagnostic tools.
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Features Resembling Single-Doppler Vortex Signatures
Observed in an Extratropical Cyclone

Frank H. Ruggiero

Air Force Geophysics Laboratory
Hanscom AFB, MA

1. INTRODUCTION

On 12 February 1988 from 0000 to
2200 UTC the Air Force Geophysics
Laboratory (AFGL) Doppler weather radar
observed a significant winter storm that
passed through the New England region.
For approximately 3.5 hr during the
passage of the storm unusual features
were noticed in the Doppler velocity
‘Plan-Position Indicator (PPI) displays.
These unexpected features took the form
of velocity couplets of relatively weak
-but significant azimuthal shear
resembling to some extent single-Doppler
vortex signatures. The purpose of this
paper is to provide a detailed
description of the velocity features
observed and suggest a possible
interpretation of the physical process
producing them.

2. RADAR OBSERVATIONS

The AFGL radar is located in
Sudbury, Massachusetts (42.40°N, 71.48°W)
and operates at a wavelength of 11.07 cnm.
During the observations described in this
paper the radar operated with a2 maximum
range of 115 km and a Paxinum unambiguous
velocity of 27.65 m-8™°. The radar
scanned at 0.5°, 1,5", 2.5°, 3.5°, and
4.5° elevation angles.

The unique velocity features
mentioned above were initially noticed at
approximately 1630 UTC at the elevation
angles of 0.5° and 1.5°. An example of
the appearance of these features in the
Doppler velocity PPI display is given in
Figure 1. 1It can be seen that there is a
pronounced inbound maximum located to the
southeast of the radar. This {s the
result of the strong flow of warm moist
air being advected from the south, which
is typical when a surface low is located
off the Mid Atlantic coast. The
corresponding outbound velocity which
would be expected to be found
approximately 180° from the inbound
maximum, if this southeast flow continued
across and beyond the radar, does not

*Supported by AFGL contract No.
r19628-87-c0124.
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show up here because there is
insufficient signal return at the
corresponding range toward the northwest.
The feature that makes the display
interesting is the smaller area of
minimum inbound velocity located to the
westsouthwest of the maximum. There is
no corresponding feature found on the
opposite side of the display. This
display is analogous to what would be
seen when vieving a mesocyclone, with two
important exceptions: 1) the shear is
much weaker than minimal mesocyclonic
shear;_it is only on the order of 10’ to
10" 8" and 2) in this example and in
almost all the other observations of the

. velocity features there were no actual

outbound velocities, just minimum inbound
velocities. Eventually these features
were visualized at all five of the
elevation scanning angles. The features
continued to be seen on the Doppler
velocity PPI displays until approximately
1900 uTC.

Even though no actual outbound
velocities were noted, the features might
still be interpreted as vortex signatures
if you consider the translation effect of
the storm movement. An attempt was made
to account for the storm motion by
tracking some of the reflectivity
features during the passage of the storm.
A rough estimate derived from tracking
reflectivity features around 1800 UTC
resulted 1P an approximate storm motion
of 22 m*s” " toward 15°. When subtracting
this vector from the maximum and minimum
inbound radial velocities in Figure 1 the
result 1? an inbound velocity of
-15 m-g.* and an outbound velocity of
17 m+s”'. Thus, from the frame of
reference of the storm, the velocity
features could actually represent a
vortex signature.

In order to track the velocity
features in time and space, locations for
the center of maximum and minimum inbound
velocities at each observation were
defined. This was accomplished in a
semi-~objective method of subjectively
locating the radial velocity contour that
was 1 or 2 m-8”" above or below the
respective minimum or maximum velocity
feature. The location of the center of
the contours was then estimated




objectively by using velocity weighted
averaging within the contours. From the
period 1630 to 1830 UTC 45 of the maximum
inbound features were located in this way
while 47 of the minimum inbound features
were identified. It should be noted that
there is more inherent uncertainty in the
position estimations for the maximum
inbound velocities as compared to the
minimum inbound velocities. This is
because the maximum inbound velocity
peaks were generally more rounded than
the sharply defined peaks of the minimum
inbound velocities.

During the observation of the
velocity features they showed a general
mnovement toward the radar. There is,
however, an interesting development that
occurred with both the maximum and

minimum features at 0.5° and 1.5°
elevations. At particular times they
seemed 'to jump back in range. That is,
the features were moving closer to the
radar and then they seemingly would all
of a sudden be at-least 20 km farther out
than where they were in the previous
volume scan. This was observed at 1712
UTC for the minimum inbound velocities
and at approximately 1730 UTC for the
maximum inbound velocities. After the
jump back the features again continued to
move closer to the radar. Corresponding
to inward movement of the minimum inbound
features before 1712 UTC was a westerly
component. After 1712 UTC there was an
easterly component to the movement of
this feature. Throughout the entire
observation time the maximum inbound
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features showed a general easterly
component to their movement.

To observe the vertical structure of
these features, consecutive observations
at sequential elevation angles were
compared. There were 23 cases for each
of the minimum and maximum inbound
velocity features where they could be
tracked at sequential elevation angles.
The average slope of the minimum inbound
velocity was 3.2° above horizontal with
the higher feature located on the average
at an azimuth angle of 284° with respect
to the lower feature. The average slope
of the maximum inbound velocity was 14.1°
above horizontal with the higher feature
located on the average at an azimuth
angle of 330° with respect to the lower
feature. It should be mentioned,
however, that there was much scatter in
the slope data for both the minimum and
maximum inbound velocity features.

3. DISCUSSION

Initially, upon observing the
velocity features the authors thought
that they might be looking at the center
of circulation of the storm. However,
review of the synoptic analysis of the
period in question showed that the low
center was located off the New Jersey
coast, which is well out of the viewing
range of the radar. The surface synoptic
analysis at 1800 UTC showed the presence
of a trough line that extended out of the
low pressure center northeastward to cut
across Cape Cod and follow the New
England coast into Maine (dashed line on
Figure 2). At 2100 UTC a developing
stationary front was analyzed in
approximately the same place as the
trough had been located three hours
previously. The synoptic conditions
preceding the passage of the storm
indicated that coastal front development
as described by Bosart (1975) was
possible. It would seem that the
occurrence of the velocity features and
the development of the coastal front at
approximately the same time and location
would indicate they are in some way
related.

Just how the velocity features and
the coastal front are related is not
exactly clear. The velocity PPI display
itself would suggest some sort of
circulation. Although the maximum and
minimum inbound velocity features do not
lie over the surface trough (Figure 2)
the azimuth angle of sloping of the
features tends to be approximately normal
to the trough line. The velocity
features could be thought of as a
signature of the flow on either side of
the trough at the point within radar
range where the flow on each side of the
trough comes closest to being parallel to
the radar beam. There are two problems,
however, with this simple description.
First, the orientation of the velocity
features would seem to indicate an
upper-level trough that is not parallel
to the surface trough, and second, the -
narrowness of the inbound minimum
indicates it is more locally concentrated
than the broad flow one would expect to

find on the cold side of the trough.

In the case study presented in his
paper Bosart (1975) reported that the
coastal front was preceded by cyclonic
telative vorticity and pressure troughing
at the surface. 1In fact, in that
particular case small circulation centers
developed ahead of the main low
(Bosart et al., 1972). Therefore a more
elaborate explanation could be that the
radar is observing a wave moving along
the developing frontal zone. The surface
analysis made during the time the
velocity features were observed showed no
indication of surface waves. However,
the data resolution in the synoptic
analysis is very coarse when compared
with the resolution of the radar
features. The presence of a wave could
explain the relative position and
orientation of the velocity features with
respect to the analyzed trough line. A
possible outline of the shape of the wave
is denoted by the dotted line in
rigure 2. It also should be noted that
the motions of the maximua inbound
features during all the observations and
the minimum inbound features after 1712
UTC are consistent with a wave moving
northeastward along the coastal front.

If indeed the features viewed in the
velocity display are part of the coastal
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Figure 2. General depiction of the sunface
analysis and nadm information for appwumwtqty
1800 UTC 12 Februany 1988, The long dashed Line
nepresents the position of the trough Line as
nechawn from the 1800 UTC aumface analysis. A
and B indicate the positions of the minimum and
maximum inbound velocities respectively at 1811
UTC taken from Figwe 1. The dited line
nepresents the possible focation of a wave
producing the observed velocity geatures.




front formation it is highly significant

because previous work (Bosart, 1975) had
indicated that it was just a boundary

layer phenomenon. The average height of
the velocity features observed was 2.43
:m, which is well above the boundary
ayer.

4. SUMMARY

To the authors’ knowledge this is
the firgt time that this type of velocity
feature has been reported in association
with coastal frontogensis. Although the
exact physical description of the process
taking place is somewhat uncertain, the
favored hypothesis at the moment is that
the radar is viewing a wave that is
moving along the developing frontal zone.
Needless to say the short term forecast
value of being able to detect the
formation of a coastal front and the
locations of pockets of cold and warm air
during the. passage of coastal winter
storms is.significant. Not only is the
knowledge of the snow-rain line important
but, as Bosart (1975) mentioned, the
heaviest precipitation often occurs not
f;;<£ton the frontal zone on the cold
side. e e o . .

On 1 November 1988 another coastal
storm was observed by the AFGL weather
radar with the same type of features,
only this time more pronounced. It is
hoped that this and other future cases
along with possible dual-Doppler studies
would result in a more definitive
explanation of the physical processes
being viewed. -
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